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ABSTRACT 

A pass ive  3-mm rad iometer  system, w i t h  a mechan ica l l y  scanned antenna, 
has been b u i l t  f o r  use on a smal l  a i r c r a f t  o r  an Unmanned A e r i a l  Veh ic le  
(UAV) t o  produce near - rea l - t ime,  moderate-resolut ion (0.5") images o f  t h e  
ground. One o f  t h e  main advantages o f  t h i s  pass ive imaging sensor i s  t h a t  
i t  i s  a b l e  t o  p r o v i d e  s u r v e i l l a n c e  in fo rmat ion  th rough dus t ,  smoke, fog ,  and 
c louds when v i s u a l  and I R  systems a r e  unusable. This  mm-wave imaging sensor 
can a l s o  be used f o r  a v a r i e t y  of remote-sensing a p p l i c a t i o n s ,  such as mea- 
surements o f  s u r f a c e  mois ture,  surface temperature,  v e g e t a t i o n  e x t e n t ,  and 
snow cover. It i s  a l s o  p o s s i b l e  t o  d e t e c t  r e f l e c t i v e  o b j e c t s  underneath 
vegeta t ion  cover. The f a c t  t h a t  t h e  passive mm-wave sensor observes a d i f -  
f e r e n t  p h y s i c a l  phenomenon makes i t  a v a l u a b l e  a d d i t i o n  t o  v i s u a l ,  I R ,  and 
radar  imaging systems. 

A c r o s s t r a c k  scanning antenna system was used t o  scan a l i g h t w e i g h t  f l a t  
r e f l e c t o r  k20 degrees a t  a 4-Hz ra te .  A two-ax is  scanner, w i t h  gyro s t a b i l i -  
za t ion ,  was used t o  c o r r e c t  f o r  a i r c r a f t  mot ions due t o  t u r b u l e n c e  and pro-  
duced a r a s t e r  scan p a t t e r n  on t h e  ground, which i s  w e l l - s u i t e d  f o r  t h e  
r e a l - t i m e  d a t a  d i s p l a y .  A t  an a l t i t u d e  o f  750 m (2,500 f t )  w i t h  a forward 
v e l o c i t y  o f  41 m/s (80 k t s ) ,  a 0.5 x 1.3 km area i s  scanned i n  32 seconds 
w i t h  a s p a t i a l  r e s o l u t i o n  o f  7 m. 

Test f l i g h t s  were made i n  September 1985 and February 1986 w i t h  t h e  
sensor mounted on a commercial h e l i c o p t e r .  The o b j e c t i v e s  o f  t h e s e  t e s t  
f l i g h t s  were t o  v e r i f y  t h e  c a p a b i l i t i e s  o f  t h i s  sensor w i t h  respec t  t o  
s i g n a l - t o - n o i s e  r a t i o  i n  o p e r a t i o n  w i t h  f o g  and c louds,  and t o  ge t  mm-wave 
imaging d a t a  on a v a r i e t y  o f  scenes and ob jec ts .  These t e s t s  were very 
successfu l  and examples o f  t h e  imaging d a t a  a r e  presented and descr ibed i n  
t h i s  r e p o r t .  A number o f  image processing techniques have been used t o  
b r i n g  o u t  a d d i t i o n a l  i n f o r m a t i o n  i n  the images. An a n a l y s i s  o f  t h e  sensor 
performance f o r  d e t e c t i n g  r e f l e c t i v e  o b j e c t s  i n  a v a r i e t y  o f  weather cond i -  
t i o n s  i s  a l s o  presented. Th is  ana lys is  shows t h a t  t h e  u s e f u l  range o f  t h e  
sensor i s  g r e a t e r  than 750 m even through t h i c k  fog  o r  clouds. A p r e l i m i n a r y  
des ign f o r  a UAV mm-wave sensor i s  a lso presented. 
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CHAPTER 1. INTRODUCTION 

A pass ive 3-mm rad iometer  system, w i t h  a mechan ica l l y  scanned antenna, 

has been b u i l t  f o r  use on a small  a i r c r a f t  o r  h e l i c o p t e r  t o  produce near-  

r e a l  - t ime, moderate-resol  u t i o n  images o f  t h e  ground f o r  Army s u r v e i  1 l a n c e  

a p p l i c a t i o n s .  One o f  t h e  main advantages o f  t h i s  p a s s i v e  imaging sensor i s  

t h a t  i t  i s  a b l e  t o  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  th rough c louds,  smoke, and 

dust  when v i s u a l  and I R  systems a r e  unusable. This  sensor can a l s o  be used 

t o  d e t e c t  meta l  o b j e c t s  under vegeta t ion  cover. T h i s  mm-wave imaging sensor 

i s  a l s o  u s e f u l  f o r  a v a r i e t y  o f  remote-sensing a p p l i c a t i o n s  such as measure- 

ments o f  snow cover,  s u r f a c e  mois ture,  v e g e t a t i o n  e x t e n t ,  and s u r f a c e  temper- 

a ture.  Mapping f i r e s  and v o l c a n i c  lava f l o w s  th rough obscur ing  c louds  and 

smoke i s  a l s o  an a p p l i c a t i o n .  The f a c t  t h a t  t h e  pass ive mm-wave sensor 

observes a d i f f e r e n t  p h y s i c a l  phenomenon, makes i t  a va luab le  a d d i t i o n  t o  

v i s u a l ,  I R  and radar  imaging systems. 

When a mm-wave rad iometer  observes a ground scene f rom above, t h e  r e -  

ce ived s i g n a l  temperature i s  composed of emiss ion from o b j e c t s  i n  t h e  antenna 

beam, r e f l e c t e d  sky emission, and atmospheric emiss ion f rom t h e  atmosphere 

below t h e  radiometer.  The rece ived temperature from o b j e c t s  i n  t h e  antenna 

beam i s  p r o p o r t i o n a l  t o  t h e  product  o f  i t s  p h y s i c a l  temperature and i t s  

surface e m i s s i v i t y .  The sur face  e m i s s i v i t y  i s  a f u n c t i o n  o f  t h e  m a t e r i a l  

and roughness, and ranges f rom near zero f o r  r e f l e c t o r s ,  t o  near  u n i t y  f o r  

absorbers. Thus, mm-wave scenes can show l a r g e  c o n t r a s t s  w i t h  r e f l e c t i n g  

ob jec ts ,  such as metal  veh ic les ,  b u i l d i n g s  o r  wet areas, appear ing much 

c o l d e r  t h a n  t h e  surrounding rough background. 

I n  t h e  des ign of  a mm-wave sensor f o r  poor weather s u r v e i l l a n c e ,  t h e  key 

f a c t o r s  a r e  s p a t i a l  r e s o l u t i o n ,  low system noise,  and low atmospher ic emission 
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and absorpt ion.  With t h e  antenna s ize  l i m i t e d  by a i r c r a f t  c o n s t r a i n t s ,  t h e  

h ighes t  frequency w i l l  g i v e  t h e  smal lest  s p a t i a l  r e s o l u t i o n .  However, a t  

h ighe r  f requencies,  t h e  poor weather atmospheric emiss ion and abso rp t i on  i s  

l a r g e r  and t h e  r e c e i v e r  no i se  i s  higher. A t r a d e - o f f  s tudy  was done (see 

Chapter 5) and i t  was determined t h a t  f o r  antenna d iameters o f  12-16 inches, 

t h e  bes t  system performance was i n  the atmospheric windows a t  98 and 140 

GHz. The 98-GHz frequency was chosen as t h e  bes t  system frequency, because 

more r e l i a b l e  and lower  cos t  components a r e  ava i l ab le .  A d e s c r i p t i o n  o f  t h e  

system i s  g iven i n  Chapter 2. 

Test f l i g h t s  o f  t h e  mm-wave imaging sensor were made i n  September 1985 

and February 1986 w i t h  t h e  sensor mounted on a commercial h e l i c o p t e r  as shown 

i n  Fig. 1-1. Most o f  t h e  f l i g h t s  were near an a l t i t u d e  o f  750 m (2,500 f t )  

Figure 1-1. Mi l l imeter -wave imager shown mounted on t h e  w i n g l e t  o f  a B e l l  
J e t  Ranger he l i cop te r .  On t h e  ' oppos i te  w i n g l e t  t h e  35-mm 
camera i s  mounted, and the v ideo camera i s  mounted i n  f r o n t .  
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above ground l e v e l ,  and an a i r  speed of =90 km/hr. The o b j e c t i v e s  o f  these 

t e s t  f l i g h t s  were t o  v e r i f y  t h e  c a p a b i l i t i e s  o f  t h i s  sensor w i t h  r e s p e c t  

t o  s i g n a l - t o - n o i s e  r a t i o  ( S N R ) ,  operat ion w i t h  c louds,  and t o  ge t  mm-wave 

imaging da ta  on a v a r i e t y  o f  areas and o b j e c t s .  These t e s t s  were very suc- 

c e s s f u l  and examples o f  t h e  da ta  a r e  shown i n  Chapter 3. 

The mm-wave images have coarse s p a t i a l  r e s o l u t i o n  when compared t o  

o p t i c a l  or i n f r a r e d  images; however, t h e r e  i s  a l a r g e  amount o f  i n f o r m a t i o n  

which w i l l  be u s e f u l  f o r  s u r v e i l l a n c e  a p p l i c a t i o n s  d u r i n g  c loudy  and foggy 

weather or through v e g e t a t i o n  when t h e  v i s u a l  and I R  images would be blank. 

A number o f  techniques can be used t o  e x t r a c t  a d d i t i o n a l  i n f o r m a t i o n  from 

t h e  mm-wave images and examples a r e  shown and d iscussed i n  Chapter 4. 

An a n a l y s i s  o f  t h e  performance o f  t h e  sensor, based on t h e  measured data,  

i s  g iven  i n  Chapter 5. Curves o f  the expected SNR f o r  tank  d e t e c t i o n  f o r  

var ious  weather c o n d i t i o n s  and antenna s i z e s  a r e  p l o t t e d  vs range. A lso  

i n c l u d e d  a r e  images w i t h  reduced SNR t o  show t h e  l i m i t a t i o n s  o f  t a r g e t  detec-  

t i o n .  A p r e l i m i n a r y  des ign o f  t h e  sensor f o r  i n s t a l l a t i o n  i n  an Unmanned 

A e r i a l  V e h i c l e  (UAV) i s  presented i n  Chapter 6 a long w i t h  es t imates  o f  

power and weight. A lso  i n c l u d e d  i n  t h i s  c h a p t e r  a r e  s i m u l a t i o n s  o f  images 

u s i n g  t h e  reduced-size UAV sensor. 

A number o f  p r e s e n t a t i o n s  and p u b l i c a t i o n s  have been g i v e n  t o  d e s c r i b e  

t h e  mm-wave imaging sensor and t h e  r e s u l t s ,  and these a r e  l i s t e d  i n  Appendix A. 

A d i s c u s s i o n  o f  t h e  jamming cons idera t ions  i s  g i v e n  i n  Appendix B. 
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CHAPTER 2. SYSTEM DESCRIPTION 

The system c o n f i g u r a t i o n  i s  shown i n  Fig. 2-1 and t h e  system b l o c k  diagram 

i s  shown i n  Fig. 2-2. A complete techn ica l  system d e s c r i p t i o n  has been 
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ALTITUDE - 750 ALONG TRACK AXIS 

I 

TAPE ALTIMETER+ SCAN Tv 
RECORDtR CONTROL RtCOROER 

4 
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1 
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1 A I OUTSIDE' 

0 CA X A  

W TYPICAL GROUND TRACK 
(SPATIAL RESOLUTION: 7 x 7 M) 

Figure 2-1. The system c o n f i g u r a t i o n  o f  F igure 2-2. The b l o c k  diagram o f  t h e  
t h e  mm-wave imaging sensor. mm-wave imaging sensor. 

pub l i shed i n  Ref. (1). A l i g h t w e i g h t  f l a t  r e f l e c t o r  i s  mechan ica l l y  scanned 

c r o s s t r a c k  k20 degrees a t  a 4-Hz r a t e .  A two-ax is  scanner, c o n t r o l l e d  by 

a microcomputer w i t h  i n p u t s  f rom both  r a t e  and ang le  gyros,  i s  used t o  scan 

t h e  r e f l e c t o r  and t o  c o r r e c t  f o r  a i r c r a f t  movement due t o  tu rbu lence.  T h i s  

p r o v i d e s  l i n e - o f - s i g h t  s t a b i l i z a t i o n  w i t h o u t  t h e  use of a convent iona l  

s t a b i l i z e d  p la t fo rm.  The two-ax is  scanner a l s o  uses a b u t t e r f l y  scanning 

p a t t e r n  t o  compensate f o r  t h e  forward a i r c r a f t  mot ion t o  produce a l i n e a r  

r a s t e r  scan p a t t e r n  on t h e  ground. The s i g n a l  f rom t h e  ground i s  r e f l e c t e d  

f rom t h e  f l a t  scanning m i r r o r  onto a 16- inch o f f s e t  p a r a b o l i c  antenna which 
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focuses t h e  rece ived s i g n a l  on t h e  rad iometer 's  feed horn. An o f f s e t  para- 

b o l i c  antenna was used f o r  i t s  h i g h  beam e f f i c i e n c y  (n >.9)  and low s i d e  

1 obes. 

Two 1 i n e a r l y  p o l a r i z e d  98-GHz superheterodyne rad iometers were used 

t o  p r o v i d e  p o l a r i z a t i o n  i n f o r m a t i o n  and t o  improve t h e  measurement s e n s i t i v -  

i ty .  A photograph of  t h e  rad iometers i s  shown i n  Fig. 2-3 and a b l o c k  diagram 

i n  Fig. 2-4. A broad-band orthomode j u n c t i o n  s p l i t s  t h e  rece ived s i g n a l  

i n t o  two or thogonal  l i n e a r l y  p o l a r i z e d  s i g n a l s  and t h e  two rad iometers use 

balanced mixers  w i t h  beam-lead diodes. A Gunn d iode o s c i l l a t o r ,  tuned t o  98 

GHz, i s  s p l i t  w i t h  a h y b r i d  t e e  and used t o  p r o v i d e  2 mW o f  l o c a l  o s c i l l a t o r  

power f o r  each mixer .  Each mixer  i s  f o l l o w e d  by a low-noise GaAs FET I F  

a m p l i f i e r  centered a t  3 GHz. T h i s  mixer-preamp combinat ion has an RF- to - IF  

ga in  o f  34 dB and a double sideband (DSB) n o i s e  temperature o f  <750 K ,  mea- 

sured a t  t h e  mixer  i n p u t .  The measured DSB r e c e i v e r  temperatures , re ferenced 

t o  t h e  feed horn, a r e  850 K and 1050 K f o r  each rece iver .  The I F  components 

f o l l o w i n g  t h e  mixer-preamp c o n s i s t  o f  another GaAs FET a m p l i f i e r ,  a vo l tage-  

c o n t r o l l e d  p i n  d iode a t t e n u a t o r ,  and a bandpass f i l t e r  cen tered  a t  3 GHz 

w i t h  a 3-dB bandwidth o f  2100 MHz. Fo l low ing  these components, a tunne l  

d iode d e t e c t o r  i s  used t o  conver t  the I F  power t o  a low frequency s i g n a l .  

Th is  o u t p u t  s i g n a l  from each d e t e c t o r  was a m p l i f i e d ,  i n t e g r a t e d  f o r  -0.5 ms, 

and then sampled w i t h  a sample-and-hold c i r c u i t .  The s i g n a l  was sampled 

a t  an i n t e r v a l  corresponding t o  every one-ha l f  beamwidth on t h e  ground. The 

sampled ou tpu t  s i g n a l  was then sent  t o  t h e  rad iometer  computer, where i t  was 

d i g i t i z e d  and conver ted t o  a b r igh tness  temperature.  The rms n o i s e  p e r  

ground r e s o l u t i o n  element i s  <0.8 K when both  rad iometer  channels a r e  added. 

The rad iometer  box was temperature s t a b i l i z e d  w i t h i n  +2"C t o  reduce g a i n  

v a r i a t i o n s  and t o  keep t h e  r e c e i v e r  noise temperature constant .  

- 
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Figure  2-3. The 98-GHz dual  po la r i zed  rad iometers  f o r  t h e  mm-wave imaging 
sensor. The chass is  s i z e  i s  14  x 9 x 3 inches. 
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Figure  2-4. Block diagram o f  98-GHz dual p o l a r i z e d  radiometers.  

2- 3 



Each rad iometer  i s  c a l i b r a t e d  dur ing t h e  scanner 's  turnaround t i m e  a t  

t h e  end o f  each da ta  l i n e ,  which provides a c a l i b r a t i o n  of t h e  r e c e i v e r  g a i n  

every 125 ms. Dur ing  t h e  c a l i b r a t i o n  p e r i o d  (-30 ms), t h e  o u t p u t  o f  a 95- 

GHz Gunn d iode c a l i b r a t i o n  o s c i l l a t o r  i s  modulated by t h e  d a t a  system a t  

-1000 Hz and t r a n s m i t t e d  f rom t h e  c a l i b r a t i o n  box, through t h e  c e n t r a l  

h o l e  i n  t h e  o f f s e t  parabola,  t o  t h e  'radiometer. Th is  c a l i b r a t  on s i g n a l  i s  

i n  t h e  lower  sideband o f  t h e  radiometers;  however, i t  was ca i b r a t e d  w i t h  

thermal loads which have power i n  bo th  sidebands. The c a l i b r a t  on s i g n a l  i s  

p o l a r i z e d  a t  a 45" angle t o  t h e  rad iometers '  p o l a r i z a t i o n s  t o  p r o v i d e  n e a r l y  

equal s i g n a l s  f o r  each radiometer.  The c a l i b r a t i o n  box i s  temperature s t a b i -  

l i z e d  t o  w i t h i n  - +1"C t o  s t a b i l i z e  t h e  c a l i b r a t i o n  s i g n a l  s t rength .  

The ou tpu t  s i g n a l s  f rom t h e  rad iometer 's  microcomputer a r e  recorded on 

a d i g i t a l  c a r t r i d g e  tape a long w i t h  system s t a t u s  i n f o r m a t i o n .  Ground t r u t h  

da ta  a r e  g i v e n  by a 35-mm camera (Nikon F w i t h  a 28-mm l e n s ) ,  a v i d e o  camera 

(a m i n i a t u r e  B & W Sony CCD (XC-38) w i t h  an 8.5-mm a u t o - i r i s  l e n s )  and i n  

February 1985, an I R  sensor ( I n f r a m e t r i c s  Model 102K). Because t h e  d a t a  a r e  

taken w i t h  a s t a b i l i z e d  r a s t e r  pa t te rn ,  t h e  ground minicomputer system can 

immediately p l a y  back and d i s p l a y  t h e  data i n  f a l s e  c o l o r s  on a v i d e o  moni tor .  

The f e a t u r e s  t h a t .  make t h i s  system unique from prev ious  a i r b o r n e  mm-wave 

imaging sensors (Refs. 2-5), a r e  i t s  h igh r e s o l u t i o n ,  smal l  s i z e ,  s t a b i l i z a -  

t i o n  and computer p rocess ing  t o  prov ide near - rea l  - t ime c a l  i b r a t e d  images. 

Because o f  t h e  s t a b i l i z a t i o n  and low data  r a t e ,  t h i s  s i g n a l  c o u l d  be t r a n s -  

m i t t e d  over  a narrow-band channel (-50 kHz) f o r  r e a l - t i m e  d i s p l a y  o f  t h e '  

scene a t  a ground s t a t i o n .  

The ground computer system f o r  processing t h e  da ta  c o n s i s t s  o f  a Hewle t t -  

Packard A-700 minicomputer system and an RGB c o l o r  moni tor .  The computer 

reads da ta  f rom a source tape i n  t h e  c a r t r i d g e  tape d r i v e  u n i t  and d i s p l a y s  
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t h e  images on t h e  c o l o r  moni tor .  Numeric l o g  i n f o r m a t i o n  can be sent  t o  t h e  

p r i n t e r  and a camera i s  used t o  make hard cop ies  o f  t h e  images. 

The so f tware  process ing func t ions  a r e  c o n t r o l l e d  by menus which a l l o w  

s e l e c t i o n  of e i t h e r  rad iometer  channel , t h e i r  sum o r  d i f f e r e n c e ,  and which 

s p e c i f y  o f f s e t s  and s c a l e  f a c t o r s .  The d i s p l a y e d  temperature range and t h e  

f a l s e  c o l o r  map can a l s o  be selected. There a r e  two modes o f  image d i s p l a y :  

t h e  f i r s t  d i s p l a y s  t h r e e  columns c o n s i s t i n g  o f  approx imate ly  t h r e e  minutes 

o f  da ta  a t  a t ime,  and t h e  second d i s p l a y s  enhanced images o f  20 seconds o f  

scene segments. I n  t h e  enhanced mode, a scene i s  se lec ted ,  and d i s p l a y e d  i n  

one screen quadrant a long w i t h  a c o l o r  h is togram o f  t h e  scene temperatures.  

The temperature range and c o l o r s  can be a d j u s t e d  and t h e  scene r e d i s p l a y e d  

i n  an ad jacent  screen quadrant. The enhanced mode a l s o  a l l o w s  f o r  smoothing, 

edge enhancement and a zoom c a p a b i l i t y ,  and these techniques a r e  d iscussed 

i n  Chapter 4. 
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CHAPTER 3. SELECTED MILLIMETER-WAVE IMAGES 

Over 20 hours of  mm-wave imaging da ta  were taken d u r i n g  t h e  September 

1985 and t h e  February 1986 s e r i e s  o f  t e s t  f l i g h t s .  The o b j e c t i v e s  o f  t h e s e  

t e s t  f l i g h t s  were t o  v e r i f y  t h e  c a p a b i l i t i e s  o f  t h i s  sensor w i t h  respec t  t o  

SNR and o p e r a t i o n  w i t h  c louds, and t o  g e t  mm-wave imaging d a t a  on a v a r i e t y  

o f  scenes o f  c i t i e s ,  highways, farmland, water,  and sh ips.  These t e s t s  were 

very  successfu l  and 12 images have been se lec ted ,  and a r e  descr ibed i n  t h i s  

chapter  t o  i l l u s t r a t e  t h e  q u a l i t y  and v a r i e t y  o f  t h e  mm-wave imaging data.  

The mm-wave images a r e  d i s p l a y e d  i n  f a l s e  c o l o r s  f o r  e a s i e r  i n t e r p r e t a t i o n .  

Beside each f a l s e  c o l o r  mm-wave image i s  a v i s u a l  image - u s u a l l y  f rom t h e  

35-mm camera, b u t  sometimes f rom t h e  TV camera. I n  F igures 3-10 and 3-11, 

t h e  I R  images a r e  a l s o  i n c l u d e d  f o r  comparison. A l l  f l i g h t s  were near  an 

a l t i t u d e  o f  750 m (2,500 f t )  above ground l e v e l  , and an a i r  speed o f  -90 km/hr 

(-56 mph). A summary o f  t h e  l o g  da ta  f o r  these f l i g h t s  i s  g i v e n  i n  Table 3-1. 

Some o f  t h e  images shown i n  t h i s  chapter a r e  used i n  l a t e r  chapters  t o  show 

o t h e r  ways t o  d i s p l a y  t h e  da ta  and t o  b r i n g  o u t  a d d i t i o n a l  i n f o r m a t i o n .  

F igure  3-1 i s  an image o f  t h e  118 Freeway i n  S i m i  Va l ley ,  C A Y  j u s t  west 

o f  t h e  Santa Susana Mountains. The h e l i c o p t e r  was t r a v e l i n g  west toward t h e  

P a c i f i c  Ocean. The c o l d e s t  o b j e c t s  are t h e  r e f l e c t i v e  meta l  o b j e c t s  which 

have a b r i g h t n e s s  temperature o f  -80 K. The warmest o b j e c t s  a r e  good ab- 

sorbers a t  t h e  ambient temperature o f  300 K. T h i s  scene c l e a r l y  shows t h e  

freeway, i t s  i n t e r s e c t i o n s  and t h e  adjacent  houses. Note t h a t  many o f  t h e  

v e h i c l e s  on t h e  roads i n  t h e  v i s u a l  image a r e  shown i n  t h e  mm-wave image. 

The d i f f e r e n c e s  a r e  m a i n l y  due t o  the s l i g h t l y  d i f f e r e n t  t imes o f  t h e  v ideo 

and mm-wave images. The speed o f  the h e l i c o p t e r  was s l i g h t l y  f a s t e r  than 

t h e  t r a f f i c ,  thus  v e h i c l e s  moving i n  t h e  same d i r e c t i o n  a r e  s t re tched,  and 

those moving i n  t h e  oppos i te  d i r e c t i o n  a r e  shortened, o r  missed complete ly .  
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Table 3-1. M i l l  imeter-Wave Image Data 

Height 
Above Swath Temperature 

Figure Speed Ground Width Range (K) 
Date (mph) ( f e e t )  ( f e e t )  Lower Upper No. Image - 

3-1 

3-2(a,b) 

3-3 

3-4 

3-5 

3-6 

3- 7 

3-8 

3-9 

3-10 

3-11 

3-12 

S i m i  Va l ley  Freeway 

Camp Pendl e ton 
b u i l d i n g s / h i  11 s 

Fi 1 1 more 
c i t r u s  groves 

Newport Bay 

Ships i n  
Long Beach Harbor 

Tanks near Pul gas 
Lake 

Camp Pendl e ton  
F i e l d  w i t h  tanks 
and land ing  pad 

Brush f i r e  a t  
Camp Pendl e ton 

Freeway w i t h  c louds 

Ai rp lanes a t  Mojave 
A i  r p o r t  

Agua Dulce A i  r p o r t  

Owens Va l ley  Radio 
Observatory 

13 -Se p-85 

24-Sep-85 

19- Se p- 85 

23-Sep-85 

23-Sep-85 

24-Sep-85 

25-Sep-85 

25-Sep-85 

26-Sep-85 

5- Feb-86 

5- Feb-86 

5- Feb-86 

55 

50 

55 

50 

60 

50 

45 

60 

60 

90 

55 

50 

2400 

2800 

2900 

3300 

2500 

2619 

2500 

2900 

1800 

2641 

2559 

2500 

1747 

2038 

2111 

2402 

1820 

1906 

1820 

2111 

1310 

1922 

1862 

1820 

211 

205 

2 28 

188 

159 

202 

115 

260 

199 

120 

234 

80 

300 

300 

300 

284 

202 

300 

300 

460 

300 

300 

300 

289 
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Objects  t h a t  can be seen i n  t h e  mm-wave image b u t  which a r e  d i f f i c u l t  

t o  see i n  t h e  v i s u a l  image inc lude:  

numerous swimming poo ls  and spas i n  t h e  backyards of  houses on t h e  l e f t  
s i d e  o f  t h e  freeway 

concre te  s l a b s  o f  new houses and t e n n i s  c o u r t s  

v e h i c l e s  on t h e  roads 

Enough o f  t h e  mm-wave f e a t u r e s  a r e  recognizable,  so t h a t  i t  i s  very easy 

t o  c o r r e l a t e  i t  w i t h  t h e  v i s u a l  data. 

F igures 3-2a and b a r e  v i s u a l  and mm-wave images o f  a c o a s t a l  area i n  

Camp Pendleton, CA. The b u i l d i n g s ,  park ing  l o t s  and c a r s  i n  t h e  lower  p o r -  

t i o n  o f  F igure 3-2a appear much co lder  due t o  t h e i r  h i g h e r  r e f l e c t i v i t y .  

Many d i r t  roads a r e  a l s o  seen due t o  e m i s s i v i t y  d i f f e r e n c e s  between them and 

t h e  rougher land. I f  a lower  range o f  temperatures i s  d isp layed,  t h e  rows 

o f  v e h i c l e s  i n  t h e  p a r k i n g  l o t s  a re  e a s i l y  seen, and t h e r e  i s  much more 

d e t a i l  shown i n  t h i s  complex o f  b u i l d i n g s  (see Chapter 4). I n  t h e  t o p  p a r t  

o f  t h e  v i s u a l  photograph i n  Fig. 3-2b a r e  shown h i l l s  w i t h  shadows. These 

d a t a  were taken a t  0823 hrs ,  and t h e  mm-wave image c l e a r l y  shows t h e  c o o l e r  

temperatures i n  t h e  shadows. The asphal t  road i n  t h e  c e n t e r  o f  t h e  image i s  

-15 K c o o l e r  than t h e  surrounding background and t h e r e  a r e  severa l  v e h i c l e s  

de tec ted  on t h i s  road. The c o l d  ob jec ts  i n  t h e  c e n t e r  o f  Fig. 3-2b a r e  

power l i n e  towers and t h e r e  i s  even a d e t e c t i o n  o f  a power t r a n s m i s s i o n  l i n e  

across t h e  c e n t e r  o f  t h i s  image. 

F igure  3-3 i s  an image o f  an a g r i c u l t u r a l  area west o f  F i l l m o r e ,  CA and 

n o r t h  o f  Sespe, CA. Most o f  t h e  t rees  i n  t h i s  area a r e  c i t r u s  and t h e r e  i s  a 

dry r i v e r  bed near  t h e  midd le  o f  the  image. A l l  t h e  f i e l d s  a r e  c l e a r l y  o u t -  

l i n e d ;  t h e  c o l d  areas i n  t h e  f i e l d s  a r e  s t a n d i n g  water  and wet s o i l  f rom 

i r r i g a t i o n .  I n  t h e  f a l s e  c o l o r  images, where t h i s  water  r e a l l y  stands ou t ,  
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i t  i s  v e r y  easy t o  see t h e  wet s o i l ,  even th rough t h e  vegeta t ion .  The smal l  

c o l d  areas a r e  s to rage tanks ,  v e h i c l e s  and b u i l d i n g s .  The warmest areas a r e  

ploughed f i e l d s  and t h e  d r y  r i v e r  bed. D i f f e r e n c e s  i n  t h e  mm-wave image o f  

f i e l d s  a r e  apparent even though t h e  v isua l  p i c t u r e  l o o k s  uni form.  Th is  i s  

due t o  d i f f e r e n c e s  i n  t h e  v e g e t a t i o n  type and th ickness ,  and s o i l  mois ture.  

F igure  3-4 i s  an image o f  Newport Bay and i t s  i s l a n d s  covered w i t h  houses. 

The a i r c r a f t  was t r a v e l i n g  southeast  towards San Diego. A s p e c i a l  d i s t r i b u -  

t i o n  o f  c o l o r s  was used t o  emphasize the small  boats  moored i n  t h e  bay and t h e  

s t r e e t s  and houses on t h e  is lands .  The boats  a r e  composed o f  wood and f i b e r -  

g lass  and appear warmer than t h e  r e f l e c t i v e  water. 

F igure  3-5 i s  an image o f  l a r g e r  s h i p s  ( p o s s i b l y  o i l  t a n k e r s )  i n  Long 

Beach o u t e r  harbor,  j u s t  south o f  Terminal Is land.  Objects  t h a t  can be seen 

i n  t h e  mm-wave image b u t  n o t  i n  t h e  v i s u a l  image i n c l u d e  h o t  spots  toward 

t h e  r e a r  o f  t h e  lower  s h i p  ( p o s s i b l y  because o f  t h e  engines) ,  and c o l d  spots  

elsewhere on t h e  s h i p  due t o  l a r g e  metal surfaces. These sur faces  a r e  -18 K 

c o o l e r  t h a n  t h e  seawater, making t h e  s h i p s  easy t o  d e t e c t  a g a i n s t  t h e  sea 

surface which has very  low c l u t t e r .  

F igure  3-6 i s  an image o f  Army veh ic les  near Pulgas Lake, Camp Pendleton, 

CA. A l l  t h e  tanks  and armored personnel c a r r i e r s  a r e  d e t e c t e d  i n  t h e  mm- 

wave image. The SNRs were measured from these da ta  and found t o  be =14 dB, 

which i s  i n  agreement w i t h  t h e  c a l c u l a t i o n s  i n  Chapter 5. It should be 

noted t h a t  t h e  b r i g h t n e s s  temperatures o f  t h e  tanks were 260 + l o  K w h i l e  

t h e  l a k e  water  was 202 + 2  K. Thus the tanks  a r e  e a s i l y  d i s t i n g u i s h e d  f rom 

t h e  l a k e  and t h e  300 K background. 

F igure  3-7 i s  an image o f  a f i e l d  w i t h  many Army tanks  and v e h i c l e s  i n  

Camp Pendleton. I n  t h e  upper sec t ion  o f  t h e  image i s  t h e  1-5 highway w i t h  
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v e h i c l e s  and above t h i s  i s  a l a n d i n g  pad f o r  a i r c r a f t .  A t  t h e  t o p  o f  t h e  

p i c t u r e  i s  t h e  ocean w i t h  waves t h a t  stand o u t  due t o  t h e i r  h i g h e r  e m i s s i v i t y .  

Note t h a t  many o f  t h e  l a n d  f e a t u r e s  (e.g., roads and h i l l s )  a r e  seen i n  t h e  

mm-wave image making i t  easy t o  i d e n t i f y  t h e  scene. Also,  t h e  Army v e h i c l e s  

i n  t h e  i n  t h e  mm-wave image stand o u t  w h i l e  some of them a r e  hard  t o  see 

v i  sua1 photograph. 

F igure  3-8 i s  an image o f  a brush f i r e  a t  Camp Pendleton. The f 

pears t o  have burned an area between two d i r t  roads, and a t  t h e  t 

image was acqui red,  t h e  f i r e  area cons is ted  o f  a g r e a t  deal  o f  ash and 

r e  ap- 

me t h e  

numer- 

ous h o t  spots. Several v e h i c l e s ,  bo th  on and o f f  t h e  roads (presumably l a r g e  

f i r e  t r u c k s ) ,  a r e  a l s o  detected. 

F i g u r e  3-9 i s  an image o f  t h e  freeway south of  Car lsbad, CA on Septem- 

b e r  26, 1985 d u r i n g  a c loudy, r a i n y  day. Dur ing t h i s  day, t h e  mm-wave sensor 

was f lown a t  1,800 f t  above a l a y e r  o f  broken c louds which comple te ly  obscured 

t h e  v i s u a l  images over  l a r g e  areas. On t h e  mm-wave image, t h e  freeways, 

v e h i c l e s ,  p a r k i n g  l o t s ,  and b u i l d i n g s  a r e  c l e a r l y  shown as c o l d e r  t a r g e t s ,  

r e f l e c t i n g  t h e  c o o l e r  sky. As i n  Fig. 3-1, v e h i c l e s  on t h e  freeway, t r a v e l i n g  

i n  t h e  same d i r e c t i o n  as t h e  h e l i c o p t e r ,  have been s t r e t c h e d  w h i l e  those 

t r a v e l i n g  i n  t h e  oppos i te  d i r e c t i o n  were compressed. T h i s  p i c t u r e  c l e a r l y  

shows t h e  a b i l i t y  of  t h e  mm-wave i m a g e r  t o  p r o v i d e  i n f o r m a t i o n  on t h e  ground 

scene when t h e  scene i s  obscured by clouds. 

F igure  3-10 i s  an image o f  the Mojave A i r p o r t .  I n  t h i s  image, t h e  

h e l i c o p t e r  was t r a v e l i n g  n o r t h e a s t  over a l o n g  l i n e  o f  l a r g e  parked p lanes 

(Convai r  990s). Due t o  s t r o n g  winds, t h e  a i r c r a f t  was c rabb ing  approx imate ly  

15 degrees t o  t h e  l e f t .  I n  t h i s  f igure ,  t h e  l e f t  image i s  f rom t h e  IR camera, 

nex t  i s  a c o l o r  35-mm photograph, then t h e  mm-wave image. I n  t h e  I R  image, 

t h e  p lanes a r e  shown c o o l e r  because i t  was a coo l  windy day. I n  t h e  IR image, 
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i t  i s  d i f f i c u l t  t o  see t h e  runways because o f  t h e  small  temperature d i f f e r e n c e  

f rom t h e  background. (A lso  n o t e  t h a t  the I R  image has a narrower  scan w i d t h  

than e i t h e r  t h e  v i s u a l  o r  t h e  mm-wave images.) The mm-wave image c l e a r l y  

shows each a i r c r a f t  w i t h  s i g n i f i c a n t  d e t a i l .  The s l i g h t  i n s t a b i l i t y  i n  t h e  

mm-wave image was due t o  t h e  tu rbu lence i n  t h e  h e l i c o p t e r  f l i g h t  path. Note 

t h a t  t h e  mm-wave image a l s o  shows s i g n i f i c a n t  d e t a i l  i n  t h e  ground around 

t h e  a i r c r a f t  due t o  g rad ing  o r  vegeta t ion  d i f f e r e n c e s .  

F igure  3-11 i s  an image o f  Agua Dulce A i r p o r t  l o c a t e d  i n  t h e  S i e r r a  Pelone 

V a l l e y  southwest o f  Palmdale, CA. As  i n  Fig. 3-10, t h e  l e f t  image i s  an I R  

p i c t u r e  and t h e  second, a c o l o r  35-mm p i c t u r e .  Two mm-wave images a r e  g iven 

w i t h  d i f f e r e n t  c o l o r  maps t o  emphasize d i f f e r e n t  fea tures .  The r e f l e c t i v e  

t a r g e t s ,  b u i l d i n g s  and a i r p l a n e s  a r e  e a s i l y  detected,  a long w i t h  t h e  e n t i r e  

l a y o u t  o f  t h e  a i r p o r t .  The mm-image even d e t e c t s  t h e  p a i n t e d  "22" on t h e  

runway. The small  c o l o r  s h i f t  i n  the midd le  o f  t h e  p i c t u r e  i s  due t o  a 

rad iometer  g a i n  change. 

F igure  3-12 i s  an image o f  t h e  Owens V a l l e y  Radio Observatory l o c a t e d  

between B i g  Pine and Bishop, CA. The Observatory has t h r e e  l a r g e  d i s h  anten- 

nas spaced w ide ly ,  and t h r e e  smal l  ones c l o s e r  t o g e t h e r  e a s i l y  seen i n  t h e  

mm-wave image, a long w i t h  a l l  t h e  c o n t r o l  b u i l d i n g s  w i t h  meta l  r o o f s .  A lso  

n o t e  t h e  sharp d e t a i l  on t h e  r i v e r .  

3-10 
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CHAPTER 4. MILLIMETER-WAVE DATA ENHANCEMENT 

INTRODUCTION 

Th is  chapter  descr ibes  var ious  image process ing techn iques  which can be 

used on t h e  mm-wave images t o  b r i n g  out a d d i t i o n a l  d e t a i l s  and i n f o r m a t i o n .  

A. TEMPERATURE RANGE SELECTION 

When d i s p l a y i n g  an image, t h e  first cho ice  i s  which range o f  temperatures 

t o  use. Because o f  t h e  l a r g e  cont ras ts  i n  t h e  mm-wave image, and t h e  l i m i t e d  

number o f  c o l o r s  and c o l o r  s teps ava i lab le ,  t h e  range o f  temperatures must be 

chosen c a r e f u l l y  t o  b r i n g  o u t  d i f f e r e n t  fea tures .  For example, choosing a 

low temperature range w i l l  b r i n g  ou t  d e t a i l s  i n  c o o l e r  r e f l e c t i v e  o b j e c t s ;  

whereas, choosing a h i g h  temperature range w i l l  b r i n g  o u t  t h e  d e t a i l s  i n  t h e  

warmer background. Examples o f  how temperature range s e l e c t i o n  changes t h e  

image a r e  shown i n  Figs. 4-1 th rough 4-4. 

I n  t h e  upper l e f t  (UL) image i n  each f i g u r e ,  t h e  f u l l  expected range o f  

b r i g h t n e s s  temperatures was used, 100-300 K. As can be seen i n  t h e  h is togram 

below t h e  image, t h e  m a j o r i t y  o f  the  p i x e l s  ( p i c t u r e  e lements)  a r e  between 

250 and 300 K,  which shows t h a t  on ly  a few c o l o r s  a r e  used t o  d i s p l a y  t h e  

image, and t h e  o t h e r s  a r e  unused. The o n l y  c o n t r a s t  t h a t  can be seen i s  

where t h e  temperatures c ross  t h e  few c o l o r  boundar ies i n  use, consequent ly,  

much o f  t h e  d e t a i l  i s  l o s t .  I n  the  upper r i g h t  (UR) image, t h e  computer 

s e l e c t e d  t h e  temperature range based on d i s p l a y i n g  95 percent  o f  t h e  data.  

T h i s  image i s  b e t t e r  b u t  some d e t a i l s  a r e  l o s t  i n  c e r t a i n  areas due t o  t h e  

l a r g e  c o l o r  steps. P i x e l s  w i t h  temperatures o u t s i d e  t h e  range a r e  d i s p l a y e d  

by t h e  end c o l o r .  The lower  l e f t  (LL) image has 2-K c o l o r  s teps i n  t h e  low 

end of  t h e  temperature range showing t h e  d e t a i l s  i n  t h e  c o l d  t a r g e t s ,  w h i l e  

t h e  l o w e r  r i g h t  (LR) image expands the upper end o f  t h e  temperature range 

and p r o v i d e s  d e t a i l s  on t h e  warmer objects.  

4- 1 
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I n  F igure 4-1, t h e  S i m i  Va l ley  Freeway scene (see Fig. 3 - 1 ) ,  t h e  b e s t  

image f o r  d e t e c t i o n  o f  v e h i c l e s  i s  w i t h  t h e  lower  temperature range (LL), 

where t h e  c o l d  o b j e c t s  s tand o u t  against  t h i s  background, a l though a l l  t h r e e  

expanded range images show t h e  vehic les.  A d d i t i o n a l  c o l d  o b j e c t s  t h a t  can 

be seen i n  t h e  LL image i n c l u d e  veh ic les  on t h e  roads, concre te  s l a b s  o f  new 

houses, and swimming poo ls  i n  t h e  backyards o f  houses. 

F igure 4-2 (see Fig. 3-2) shows t h e  area o f  Camp Pendleton t h a t  i n c l u d e s  

a f i r e  s t a t i o n  and o t h e r  b u i l d i n g s .  However, t h e  most prominent f e a t u r e s  a r e  

t h e  rows o f  cars  i n  t h e  p a r k i n g  l o t s  and t h e  rows o f  tanks and o t h e r  m i l i t a r y  

veh ic les  near  t h e  t o p  of  t h e  image. These can be most e a s i l y  l o c a t e d  i n  t h e  

LL and UR images as t h e  dark b l u e  areas. 

F igure  4-3 shows t h e  tanks  near  Pulgas Lake, Camp Pendleton (see Fig. 

3-61. The iiiimerous Army tanks  and smal ler  Vehic les are  most v i s i b l e  i n  t h e  

LL image - t h e  expansion o f  t h e  c o l d e r  range. 

F igure 4-4 shows t h e  Mojave A i r p o r t  (see Fig. 3-10). Because t h e  planes 

a r e  very r e f l e c t i v e ,  and parked on a warmer tax iway,  t h e y  s tand o u t  n i c e l y  

i n  a l l  t h e  images; however, t h e  LR image g i v e s  t h e  bes t  d e t a i l s .  As can be 

seen i n  F igures 4-1 t o  4-4,  i t  i s  h e l p f u l  t o  d i s p l a y  d i f f e r e n t  temperature 

ranges t o  g a i n  t h e  most i n f o r m a t i o n  from t h e  image. 

Based on a number o f  data f l i g h t s ,  a s tudy was made o f  t h e  measured 

b r i g h t n e s s  temperatures f o r  var ious  types o f  o b j e c t s  i n  c l e a r  weather. A 

summary o f  t h i s  da ta  i s  shown i n  F igure 4-5. I n  cases w i t h  r e f l e c t i v e  o b j e c t s  

smal le r  t h a n  t h e  antenna beam, t h e  measured b r i g h t n e s s  temperatures w i l l  be 

h igher ,  because t h e  warmer background f i l l s  p a r t  o f  t h e  beam. The c o o l e s t  

temperatures down t o  80 K, a r e  t h e  l a r g e  f l a t  r e f l e c t i v e  o b j e c t s  such as 

water tanks,  house t r a i l e r s  and l a r g e  a i rp lanes.  I n  these cases t h e  emiss ion 

i s  ma in ly  f rom t h e  r e f l e c t e d  sky. Objects w i t h  curved sur faces  such as 
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Figure 4-5. Measured br igh tness  temperature a t  98 GHz. 

cars,  t r u c k s ,  boats  and smal l  p lanes are warmer -- i n  t h e  range o f  180-260 K. 

Water i s  i n  t h e  range o f  200-220 K; however, bodies o f  water  can be d i s t i n -  

guished because o f  t h e i r  l a r g e r  s ize.  M i l i t a r y  v e h i c l e s ,  such as tanks  and 

t r u c k s ,  a r e  i n  t h e  250-265 K range -- much warmer than t h e  water. T h e i r  

warmer temperature i s  p robab ly  due t o  t h e i r  curved sur faces  r e f l e c t i n g  t h e  

warmer background. 

There i s  an o v e r l a p  o f  t h e  temperature ranges o f  v a r i o u s  o b j e c t s ;  how- 

ever,  f rom t h e  temperature range, ob jec t  l o c a t i o n s  and format ions,  i t  i s  

p o s s i b l e  t o  use t h i s  a d d i t i o n a l  i n f o r m a t i o n  t o  h e l p  determine t h e  t y p e  o f  

o b j e c t .  Having exper ience w i t h  t h i s  type o f  d a t a  w i l l  h e l p  i n  i d e n t i f y i n g  

var ious  ob jec ts .  

B. COLOR MAP SELECTION 

A f t e r  examining numerous mm-wave images , t h e  f o l l o w i n g  c o l o r  map se lec-  

t i o n  s t r a t e g y  has been found most use fu l .  The f i r s t  s tep  i s  t o  d i s p l a y  
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t h e  image us ing  a complete fa l se  c o l o r  map from dark b l u e  t o  b r i g h t  red, 

w i t h  a c o n t r a s t i n g  dark c o l o r  i n  t h e  center o f  t h e  c o l o r  map -- see Figures 

4-1 t o  4-4. This p rov ides  an overview o f  t h e  scene and a l l ows  i d e n t i f i c a t i o n  

o f  areas of most i n t e r e s t .  

The nex t  s tep  i s  t o  d i s p l a y  an image u s i n g  o n l y  two c o l o r s ;  t h e  lower  

h a l f  of t h e  temperature range displayed w i t h  a l i g h t  c o l o r  and t h e  upper 

h a l f  o f  t h e  temperature range displayed w i t h  a dark co lo r .  By s h i f t i n g  

t h e  l e v e l  between l i g h t  and dark through t h e  temperature range, t h e  v iewer 

can i d e n t i f y  t h e  major f ea tu res  o f  t h e  image, as shown i n  Fig. 4-6. 

Another technique i s  t o  d i s p l a y  an image i n  a l l  one c o l o r  (such as 

wh i te ) ,  and then change a small  p o r t i o n  o f  t h e  temperature range t o  a con- 

Figure 4-6. Four images o f  Pulgas Lake w i t h  var ious  p r o p o r t i o n s  o f  two 
co lo rs .  Note how t h e  UR and LL images a re  most useful  f o r  
d e t e c t i n g  t h e  o u t l i n e s  o f  prominent ob jec ts .  
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t r a s t i n g  c o l o r  (such as p ink ) .  By s h i f t i n g  t h e  c o n t r a s t i n g  c o l o r  f rom one 

temperature s tep  t o  another, s p e c i f i c  f ea tu res  o f  t h e  image become v i s i b l e  

w h i l e  a l l  t h e  r e s t  a re  masked. Th is  technique a l l ows  t h e  viewer t o  l o c a t e  

areas o f  i n t e r e s t  i n  s i l h o u e t t e  and again n o t  be d i s t r a c t e d  by excessive 

d e t a i  1. 

The f o u r t h  s tep  i s  t o  use a gray sca le  rang ing  from b l a c k  t o  w h i t e  

d i s t r i b u t e d  across t h e  temperature range. This a l l ows  t h e  viewer t o  see 

a l l  t h e  fea tu res  o f  t h e  image a t  one t ime  w h i l e  s t i l l  n o t  b e i n g  d i s t r a c t e d  

by sharp c o l o r  con t ras ts .  This approach tends t o  make f e a t u r e s  b lend i n  

w i t h  each o t h e r  and can even g i ve  the i l l u s i o n  o f  f ea tu res  s i m i l a r  t o  a 

b lack  and wh i te  photograph. Th is  i s  shown i n  Fig. 4-7 w i t h  t h e  tanks  a t  

Pulgas Lake (see Fig. 3-7). 

Figure 4-7. An image o f  Pulgas Lake us ing  a gray scale. Th is  appears 
s i m i l a r  t o  a b lack  and white photograph. 
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An i n v e r t e d  gray sca le  p rov ides  another new perspec t ive .  This  i s  s i m i l a r  

t o  a b lack  and wh i te  photographic negat ive where c o l d  o b j e c t s  a r e  d i sp layed  

i n  whi te ,  and hot  ones a re  d isp layed i n  black.  By r a p i d l y  i n v e r t i n g  t h e  

gray scale,  t h e  v iewer can s imu la te  a f l i c k e r i n g  b lack  and w h i t e  image and 

may d iscover  t h a t  c e r t a i n  fea tu res  catch h i s  eye t h a t  had been p r e v i o u s l y  

over looked (see F igure 4-8) .  

Figure 4-8. An image o f  Pulgas Lake us ing ar! i n v e r t e d  gray scale.  Targets 
now stand ou t  aga ins t  the darker  background. 

To draw a t t e n t i o n  t o  s p e c i f i c  d e t a i l s ,  t h e  above techniques can be 

combined. This  a l l ows  t h e  viewer t o  see p a r t i c u l a r  f ea tu res  t h a t  res ide  i n  

t h e  same p o r t i o n  o f  t h e  temperature range ( t h e  c o n t r a s t i n g  c o l o r )  w h i l e  n o t  

l o s i n g  re fe rence p o i n t s  t o  t h e  r e s t  o f  the  image (see F igure 4 - 9 ) .  

A r o t a t i n g  gray sca le  (whereby c o l o r s  a re  r a p i d l y  s h i f t e d  across t h e  

temperature range and wrap around t o  reappear on t h e  o the r  end) w i l l  p rov ide  

t h e  viewer w i t h  a sensat ion o f  movement. Hot and c o l d  t a r g e t s  appear as 

e i t h e r  sources o r  d r a i n s  of movement, depending on which way t h e  c o l o r  map 

i s  r o t a t e d  (up o r  down t h e  temperature range). 
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Af te r  v iewing images t h i s  way, the viewer can a l s o  experiment w i t h  

o ther  mix tu res  o f  co lors .  Based on past experience a v a r i e t y  o f  c o l o r  maps 

can be se lec ted  t o  b r i n g  ou t  d i f f e r e n t  d e t a i l s  i n  t h e  image. Images w i l l  

s t i l l  be recognizable when d isp layed by almost any combination o f  random 

colors.  The fewer random c o l o r s  there  a re  (see F igure 3-5), t h e  eas ie r  i t  

i s  t o  recognize t h e  image. The more random c o l o r s  t h e r e  a r e  (up t o  15 were 

tes ted) ,  t h e  more complex t h e  image becomes. 

An i n t e l l i g e n t  choice o f  co lo rs  i s  dependent upon what fea tures  t h e  

viewer wishes t o  make most prominent. For some images, a rainbow o f  c o l o r s  

w i l l  do t h e  job. The most eye-appealing choice i s  t o  s t a r t  w i t h  dark b l u e  

a t  t h e  c o l d e r  end o f  t h e  temperature range, and progress up through several  

shades o f  b lue, then i n t o  greens, browns, reds, and f i n a l l y  i n t o  orange, 

ye i iow,  and wh i te  a t  t he  h o t t e s t  end o f  t he  range. This has psychoiogica i  

appeal as most people subconsciously associate temperature and c o l o r  i n  t h i s  

manner. A dark con t ras t i ng  c o l o r  i n  t h e  middle o f  t h e  temperature range 

b r ings  ou t  d e t a i l s  i n  t h e  image. 

For t h e  most pa r t ,  low temperature i n  t h e  mm-wave image i n d i c a t e s  a 

r e f l e c t i v e  o r  c o l d  ob jec t  (i.e., water). However, i t  i s  sometimes des i rab le  

t o  d i s p l a y  such ob jec ts  w i t h  a b r i g h t  eye-catching c o l o r  such as red o r  

pink. For t h i s  reason, i t  was found t h a t  a f requen t l y  used c o l o r  map was 

one composed o f  a shor t  (10-co lo r )  gray scale cover ing t h e  upper two- th i rds  

of t h e  temperature range, and shades of red, orange, and y e l l o w  cover ing t h e  

lower one - th i rd  o f  t h e  range. I n  t h i s  way, the  e n t i r e  image i s  recognizable,  

and t h e  c o l d  r e f l e c t i v e  t a r g e t s  stand out. Likewise, ho t  t a r g e t s  can be 

made t o  stand ou t  by us ing  a gray scale f o r  t h e  lower two- th i rds  o f  t h e  

temperature range, and c o l o r  shades cover ing t h e  upper one - th i rd  o f  t h e  

range. 
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Now and then i t  i s  des i rab le  t o  d isp lay  an image w i t h  a spec ia l  c o l o r  

map. An attempt can be made a t  pseudocoloring, i.e., b lues f o r  water, 

greens f o r  vegetat ion,  browns f o r  bare Earth,  and orange, ye l l ow  and wh i te  

fo r  concrete and o ther  man-made objects. Unfor tunate ly ,  t h i s  i s  u s u a l l y  no t  

poss ib le  as the  mm-wave br ightness temperature of ob jec ts  r a r e l y  conforms t o  

such a c o l o r i n g  scheme. The best  i h a t  can be hoped f o r  i s  t o  develop a 

c o l o r  map t h a t  w i l l  take i n t o  account the major fea tures  o f  t h e  image w i thout  

d i sgu is ing  t o o  many o f  t h e  minor ones. To t h i s  end, t h e  most successful  

c o l o r  maps are  those which a re  a rainbow s t y l e  bu t  i nc lude  a s i g n i f i c a n t  

c o l o r  con t ras t  i n  t h e  middle o f  t he  range such as a jump from l i g h t  green t o  

dark brown. This technique emphasizes one p a r t i c u l a r  temperature boundary 

such as t h e  d i f f e rence  between vegetat ion and a d i r t  road. 

Another va r iab le  t h e  viewer needs con t ro l  over 1 s  t he  placement o f  

the  c o l o r  boundaries. It tu rns  ou t  t h a t  t h e  g rea te r  t h e  number o f  co lo rs  

used, t h e  l e s s  d i f f e r e n c e  i t  makes t o  s h i f t  t h e  c o l o r  boundaries. Conversely, 

t he  fewer co lo rs  used, t h e  more necessary i t  i s  t o  be ab le  t o  s h i f t  t h e  

boundaries o f  those c o l o r s  t o  b r i n g  o u t  d e t a i l s .  For example, our  image 

processing hardware uses 15 co lo rs ,  and s h i f t i n g  t h e  c o l o r  temperature bound- 

a r i  es can usual l y  .improve images. 

Several techniques e x i s t  f o r  d i s t r i b u t i n g  c o l o r s  across a temperature 

range. The f i r s t  i s  t h a t  which has been assumed throughout t h i s  d iscuss ion,  

i.e., t h e  15 poss ib le  c o l o r s  a re  spread evenly across t h e  range. Another 

technique i s  t o  bunch some o f  them up a t  one end o f  t h e  range thus increas-  

i n g  t h e  d e f i n i t i o n  o f  e i t h e r  t h e  cold, o r  t h e  ho t  t a r g e t s  (F igure  4-10). 

Add i t i ona l  techniques i n v o l v e  a histogram (a bar  cha r t  showing t h e  q u a n t i t y  

of p i x e l s  used t o  d i s p l a y  each temperature segment o f  t he  image). The c o l o r s  

may be d i s t r i b u t e d  i n  such a way t h a t  the same amount o f  each c o l o r  i s  used 
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i n  t h e  image ( i .e . , the  number o f  p i x e l s  o f  each c o l o r  i s  e q u a l ) . T h i s  has t h e  

e f f e c t  o f  ba lanc ing  t h e  image somewhat. Another techn ique i s  t o  p l a c e  more 

o f  t h e  d i v i s i o n s  on t h e  peaks o f  t h e  histogram, and fewer on t h e  t roughs.  

Th is  has t h e  e f f e c t  o f  i n c r e a s i n g  t h e  d e f i n i t i o n  o f  t h e  c e n t r a l  temperatures 

o f  t h e  image. 

C. IMAGE FILTERS 

F i l t e r i n g  an image can be usefu t o  enhance a p a r t i c u l a r  f e a t u r e ,  o r  t o  

suppress d i s t r a c t i n g  fea tures .  The most u s e f u l  f i l t e r s  f o r  mm-wave images 

a r e  those f o r  smoothing, and f o r  sharpening t h e  edges o f  o b j e c t s  i n  an 

image. 

F i l t e r s  were a p p l i e d  t o  images by m u l t i p l y i n g  a t h r e e - p i x e l  by t h r e e - p i x e l  

r e c t a n g l e  i n  t h e  image w i th  a corresponding t h r e e - p i x e l  by t h r e e - p i x e l  f i l t e r .  

The r e s u l t i n g  n i n e  va lues were added and t h e  c e n t e r  p i x e l  o f  t h e  r e c t a n g l e  i n  

t h e  image was rep laced by t h i s  sum. The process was repeated f o r  each p o s s i b l e  

t h r e e  by t h r e e  rec tang le .  

F igure  4-11 shows an u n f i l t e r e d  image of Pulgas Lake. Images occa- 

s i o n a l l y  con ta ined n o i s e  in t roduced by t h e  imaging rad iometer ,  o r  f rom t h e  

da ta  a c q u i s i t i o n  computer. Some noise i n  an image can be reduced by a 

s p e c i a l  f i l t e r i n g  process. A p i x e l  can be i d e n t i f i e d  as n o i s e  i f  i t  i s  

more than a predetermined temperature above o r  below t h e  immediate ly  s u r -  

rounding p i x e l s .  I f  a p i x e l  i s  i d e n t i f i e d  as noise,  i t  can be rep laced by 

t h e  average o f  t h e  e i g h t  surrounding p i x e l s .  Noise t h a t  i s  n o t  removed can 

cause problems because o t h e r  f i l t e r s  tend t o  make t h e  n o i s e  l a r g e r .  

The mm-wave sensor has an o s c i l l a t i n g  m i r r o r  whereby rows o f  d a t a  p i x e l s  

a r e  acqu i red  a l t e r n a t e l y  from l e f t  t o  r i g h t ,  and f rom r i g h t  t o  l e f t .  Under 

i d e a l  c o n d i t i o n s ,  t h e  v e r t i c a l  al ignment o f  p i x e l s  i s  c o r r e c t .  However, 
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sometimes a i r c r a f t  mot ion and turbulence a f f e c t  t h e  m i r r o r  mot ion and a 

n o n l i n e a r i t y  i s  in t roduced r e s u l t i n g  i n  a one-hal f  p i x e l  z ig-zag i n  t h e  

image. This j o g  from one row t o  t h e  next i n  t h e  image can be reduced by 

t h i s  f i l t e r :  
0 .33 0 
0 .33 0 
0 .33 0 

E f f e c t i v e l y ,  each p i x e l  i s  averaged w i th  t h e  one immediately above, and t h e  

one immedi a t e l y  be l  ow. 

Images can be made t o  appear l ess  no isy  by smoothing them. One method 

t o  accomplish t h i s  i s  t o  apply t h e  fo l l ow ing  averaging f i l t e r :  

.111 .111 -111 

.111 .111 .111 

.111 .111 .111 

This f i l t e r  averages each p i x e l  w i t h  i t s  e i g h t  surrounding neighbors and 

r e s u l t s  i n  a l ess  'choppy' image. Figure 4-12 shows an image a f t e r  t h e  

above f i l t e r s  were appl ied.  Note how t h i s  enhanced image makes i t  eas ie r  

f o r  t he  viewer t o  recognize t e r r a i n  and i d e n t i f y  ta rge ts .  

Many o f  t h e  images shown so f a r  have used on ly  15  co lors .  This l i m i t a -  

When d isp lay ing  an image i n  t h e  smal lest  poss i -  t i o n  i s  due t o  the  hardware. 

b l e  area on the  screen, each p i x e l  occupies on ly  one spot on t h e  screen, and 

thus  can be on ly  one o f  t h e  15 colors.  By us ing  f o u r  spots a t  a t ime f o r  

each data po in t ,  i t  i s  poss ib le  t o  d isp lay  many more shades, e.g., combina- 

t i o n s  o f  t h e  15 colors.  This technique i s  c a l l e d  d i t h e r i n g .  The t r a d e o f f  

i s  t h a t  t h e  image occupies f o u r  t imes the space on t h e  screen. Figures 4-11 

and 4-12 a r e  examples of d i t he r ing .  The histogram i s  d i v i d e d  i n t o  b locks o f  

t h e  o r i g i n a l  15 c o l o r s  bu t  each four-spot p i x e l  i n  t h e  image i s  one of  57 

shades. For example, p i x e l s  i n  t h e  center o f  t h e  l a k e  a r e  100% dark blue. 
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Toward the  edge they are  75% dark blue/25% roya l  b lue,  fo l lowed by 50% dark/  

50% roya l ,  then 25% dark/75% roya l ,  and f i n a l l y  100% roya l  blue. This  tech-  

n ique i s  app l i ed  throughout t h e  c o l o r  map, r e s u l t i n g  i n  a t o t a l  o f  57 combi- 

nat ions.  

F igure 4-13 i s  t h e  same image using on ly  15 colors .  Note t h e  l ack  o f  

d e t a i l  i n  t h e  d i r t  roads around t h e  lake. 

The Sobel edge de tec t i on  f i l t e r  has been used success fu l l y  on several  

images (F igures 4-14 t o  4-19), and works i n  t h e  f o l l o w i n g  manner: 

P 1  P2 P3 
P4 P5 P6 
P7  P8 P9 

X = (P3 + 2 x P6 + P9) - ( P 1  + 2 x P4 t P7) 
Y = ( P 1  + 2 x P2 + P3) - (P7 + 2 x P8 + P9) 

Then, the  center  p i x e l  , P5 i s  replaced w i t h  the  square r o o t  o f  X2 p lus  Y2. 

This has the  e f f e c t  o f  reducing t h e  temperature o f  a l l  t h e  p i x e l s ,  except 

those on t h e  border o f  a temperature t r a n s i t i o n  where the  temperature i s  

increased. The amount o f  t he  increase i s  p ropor t i ona l  t o  t h e  s e v e r i t y  o f  

t he  t r a n s i t i o n .  Thus, c o l d  spots turn i n t o  ho t  doughnuts and t h e  co lde r  

the  spot, t h e  h o t t e r  t he  doughnut. Roads t u r n  i n t o  two warm p a r a l l e l  l i n e s .  

The main advantage of t h i s  f i l t e r  i s  t ha t  i t  enhances small d e t a i l s  t h a t  may 

no t  have been v i s i b l e  before,  such as vehic les on f l a t  ground. 
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Figure 4-15. An image o f  t h e  S i m i  Va l ley  118 Freeway a f t e r  t h e  Sobel edge 
d e t e c t i o n  f i l t e r  has been app l ied .  

a 

F igure 4-16. An image o f  t h e  1-5 Freeway a f t e r  t h e  Sobel edge d e t e c t i o n  
f i  1 t e r  has been appl ied.  
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Figure  4-17. An image o f  t h e  Camp Pendleton brush f i r e  area  a f t e r  t h e  
Sobel edge d e t e c t i o n  f i l t e r  has been app l ied .  

Figure 4-18. An image of t h e  Agua Dulce A i r p o r t  a f t e r  t h e  Sobel edge detec-  
t i o n  f i l t e r  has been applied. 
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Figure 4-19. An image o f  t h e  Camp Pendleton b u i l d i n g s  a f t e r  t h e  Sobel edge 
d e t e c t i o n  f i  1 t e r  has been appl ied.  

D. OTHER SOPHISTICATED PROCESSING TECHNIQUES 

Soph is t i ca ted  image process ing techniques t h a t  cou ld  be t r i e d  t o  f u r t h e r  

enhance t h e  mm-wave data i n c l u d e  using Four ie r  t ransforms f o r  computing 

power spectra,  Karhunen-Loeve transform, d i s c r e t e  cos ine t ransform,  and 

Walsh-Hadamard t rans form f o r  f e a t u r e  c l a s s i f i c a t i o n ,  and t h e  Kalman f i l t e r  

technique f o r  f e a t u r e  e x t r a c t i o n .  Using these techniques, i t  i s  poss ib le  

t h a t  t h e  computer cou ld  be programmed t o  search f o r  and recognize m i l i t a r y  

ta rge ts .  This cou ld  be done by searching f o r  ob jec ts  of  c e r t a i n  temperatures,  

w i t h  c e r t a i n  s i zes  on c e r t a i n  t e r r a i n s .  The computer cou ld  even l e a r n  by 

searching f o r  t a r g e t s  on i t s  own, then s i g n a l i n g  t h e  opera tor  when i t  found 

something t h a t  matched t h e  broad pattern.  I f  t h e  opera to r  v e r i f i e d  t h a t  a 

t a r g e t  had been found, t h e  t a r g e t ' s  c h a r a c t e r i s t i c s  cou ld  be added t o  t h e  

l i s t  o f  poss ib le  t a r g e t s  t o  l ook  f o r  i n  t h e  fu tu re .  The computer's broad 

p a t t e r n  cou ld  be t a i l o r e d  by t h e  l ea rn ing  process of  be ing  t o l d  what was, 

and what was n o t  a v a l i d  t a r g e t .  Even m u l t i p l e  t a r g e t  format ions cou ld  be 

recognized by t h e  computer. 

, 
l 
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CHAPTER 5. ANALYSIS OF MILLIMETER-WAVE IMAGER PERFORMANCE 
I N  DEGRADED WEATHER AND THROUGH VEGETATION 

A. ANALYSIS I N  DEGRADED WEATHER 

When a mm-wave rad iometer  observes a ground scene from above, as shown 

i n  Fig. 5-1, t h e  rece ived s i g n a l  temperature i s  composed o f  emiss ion f rom 

F igure  5-1. Mi l l imeter -wave radiometer observ ing  a ground scene from above. 

o b j e c t s  and t h e  background i n  t h e  antenna beam, r e f l e c t e d  sky emiss ion f rom 

o b j e c t s  i n  t h e  antenna beam, and atmospheric emiss ion from t h e  atmosphere 

below t h e  radiometer:  

T rece ived = Tobject  + Tbackground + T r e f l e c t e d  + Tatmos ( K )  (1) 
S kY 

To s i m p l i f y  t h e  equat ions,  i t  has been assumed t h a t  a l l  o f  t h e  rece ived power 

i s  w i t h i n  t h e  main antenna beam, which i s  d e f i n e d  by t h e  hal f -power beam- 

width,  ob. (Th is  i s  a good assumption f o r  antennas w i t h  beam e f f i c i e n -  

c i e s  o f  >90 percent  used i n  imaging systems.) 

The rece ived temperature from an o b j e c t  i n  t h e  antenna beam i s  equal t o  
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t he  product o f  t h e  o b j e c t ' s  temperature and i t s  emiss iv  

the  r a t i o  o f  the  o b j e c t ' s  area t o  t h e  antenna's beam area 

atmospheric a t tenuat ion :  
c Trl 

La 
Tobject  = - ( K )  

where: 

E 

T 

= e m i s s i v i t y  o f  t h e  ob jec t  ' ( 0  t c  < l )  

= phys ica l  temperature o f  the ob jec t  (K) 

ty, m u l t i p l i e d  by 

and reduced by t h e  

La = atmospheric absorpt ion fac to r  below the  radiometer, i .e., 

Latm = 

R = range t o  ob jec t  (m) 

0 

atmospheric a t tenua t ion  (dB/km) below t h e  radiometer 

= r a t i o . o f  ob jec ts  area t o  main beam area ( 0  to (1) 

- - A 
(n/4) ( R  t a n  ob)* 

A = o b j e c t ' s  e f f e c t i v e  area (s)  
o b  = antenna 3 dB beamwidth (deg) 

The r e f l e c t e d  sky emission temperature i s  equal t o  t h e  product o f  t he  

rad iomet r ic  sky temperature and t h e  quant i t y  (1 - E )  and i s  a l s o  m u l t i p l i e d  

by the  r a t i o  o f  t h e  o b j e c t ' s  area t o  the antenna's beam area 0 ,  and reduced 

by t h e  atmospheric absorpt ion:  

(1 - € 1  Tsky 0 
T r e f l e c t e d  = . (to 

S kY La 

where: 

(3)  

Tsky = rad iomet r ic  zen i th  sky temperature. 

The received s igna l  temperature from t h e  background surrounding t h e  

ob jec t  i s  g iven by: 

(1 - 0 )  - ( Eg Tg + (1 - E g )  Tsky 
Tbackground - 

La 
( 4 )  
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where 

= e m i s s i v i t y  of t h e  background 

= phys ica l  temperature o f  t h e  background Tg 

The atmospheric emission below t h e  radiometer i s :  

where Ta = phys ica l  temperature o f  t h e  atmosphere below t h e  
rad i  omet e r . 

Values o f  L a t m  and Tsky, f o r  a va r ie t y  o f  weather cond i t ions ,  a re  shown i n  

Table 5-1 for th ree  mm-wave atmospheric "window" frequencies, e.g., 98, 140 

and 220 GHz. These data were summarized from a se lec t i on  o f  propagation work 

(Refs. 1-6) and represent "best guess'' averages f o r  t h e  spec i f i ed  weather 

Table 5-1. M i l  1 imeter-Wave Atmospheric Parameters vs Weather 

98 GH z 140 GH z 220 GHz 
Case Weather Condit ions Latm Tsky Latm Tsky Latm Tsky 

(dB/km) (K)  (dB/km) (K)  (dB/km) (K)  

1 Clear (7.5 g/m3, 0.4 50 1.2 110 3.5 170 
50% RH), Moderate 
Fog, Smoke, Dust 

2 Clear  (12 g/m3, 0.8 80 1.5 120 4.0 190 
100% RH), Thick 
Fog 

2.0 180 5.0 200 3 Overcast, Cloud 1.2 150 
(-5 km t h i c k ) ,  
Dense Fog 

4 L i g h t  Rain 
<4 mm/hr 

1.6 200 2.4 220 5.5 230 
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cond i t ions .  These da ta  a r e  representa t ive  o f  t h e  range o f  c o n d i t i o n s  under 

which t h e  mm-wave sensor cou ld  be operated. I n  Case 4, l i g h t  r a i n ,  i t  was 

es t imated t h a t  t h e  e m i s s i v i t y  o f  t h e  we t  background would decrease f rom 0.95 

t o  0.5; however, f u r t h e r  measurements w i l l  be r e q u i r e d  t o  v e r i f y  t h i s  e s t i -  

mate. 

Since t h e  rece ived temperature from t h e  o b j e c t  i n  t h e  antenna beam i s  

p r o p o r t i o n a l  t o  t h e  product  of i t s  phys ica l  temperature and i t s  s u r f a c e  

e m i s s i v i t y ,  as shown i n  Eq. ( Z ) ,  r e f l e c t i v e  o b j e c t s  (metal  o r  w a t e r )  w i l l  

appear c o l d e r  than t h e  surrounding h i g h - e m i s s i v i t y  background ( s o i l  o r  

vegeta t ion) .  Thus, mm-wave images can show l a r g e  c o n t r a s t s ,  because t h e  

r e f l e c t i v e  o b j e c t s  w i l l  "s tand o u t "  from t h e  background w i t h  a l a r g e  tem- 

p e r a t u r e  d i f f e r e n c e  o r  SNR. Us ing the da ta  i n  Table 5-1, and va lues o f  

o t h e r  parameters shown i n  Table 5-2, the expected s i g n a l  and t h e  SNR f o r  a 

tank vs range were c a l c u l a t e d  and are  shown i n  Table 5-3. 

B. CALCULATED RESULTS 

The expected s i g n a l  i s  g i v e n  by the express ion:  

The n o i s e  i s  made up o f  two independent components, rad iometer  n o i s e  and 

image c l u t t e r  noise.  

(8) 2 1/2 Tnoise = (Trad2 + T c l u t t e r  

For o u r  dual  channel, mm-wave t o t a l  power rad iometer  w i t h  a n o i s e  tempera- 

t u r e  of 1.900 K (DSB), observ ing  a 290 K background, w i t h  a bandwidth o f  

2 GHz and i n t e g r a t i o n  t i m e  p e r  p i x e l  o f  0.5 msec, t h e  rad iometer  n o i s e  
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Table  5-2. Parameters Used i n  C a l c u l a t i o n  o f  Tsignal  and SNR 

Target  Area (A)  - - 10 m 2  (see t e x t )  

Target  E m i s s i v i t y  (E) 

Target  Temperature ( T )  = 305 K 

- - 0.3 (Case 4, E = 0.15)  

Background E m i s s i v i t y  (Eg)  - - 

Background Temperature (Tg) = 295 K 

Atmospheric Temperature (T,) = 290 K 

0.95 (case 4,  E g  = 0.5)  

0.8 K 

1.3 K 

1.9 K 

- Trad ( 9 8  G H Z )  - 

Trad (140 GHZ) - 

Trad (220 GHZ) - 

- 

- 
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Table 5-3. M i l l  imeter-Wave SNR f o r  Tank Detect ion 

CASE 1 
RANGE Tsig SNR(dB) 

0.5 93 17.6 
0.75 40 14.0 
1 .o 22 11.4 
1.25 14 9.4 
1.5 9 7.7 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

98 GHz 16-in.Antenna 

CASE 2 CASE 3 CASE 4 
Tsig SNR(dB) Tsig SNR(d6) Tsig SNRCdB) _______---___.-_________________________------------- 

77 16.8 49 14.9 16 10.1 
33 13.1 20 11.1 7 6.2 
18 10.4 1 1  8.3 3 3.3 
11 8.3 6 6.0 2 0.9 
7 6.5 4 4.1 1 - 1  

140 GHz 
CASE 1 CASE 2 

RANGE Tsig SNR(dB) Tsig SNR(d6) 

0.5 102 17.3 93 16.9 
0.75 54 14.5 48 14 
1 .o 28 11.7 25 11.1 
1.25 17 9.4 15 8.8 
1.5 11 7.6 9 6.9 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 6 i n .  Antenna 
CASE 3 CASE 4 

Tsig SNR(dB) Tsig SNR(dB) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
57 14.7 19 9.9 
29 11.7 9 6.8 
14 8.8 5 3.7 
8 6.3 3 1.2 
5 4.2 2 - 1  

220 GHz 16-in. Antenna 
CASE 1 CASE 2 CASE 3 CASE 4 

RANGE Tsig SNR(dB) Tsig SNR(dB) Tsig SNR(d6) Tsig SNR(dB) 

0.5 52 13.4 41 12.3 33 11.4 1 1  6.7 
0.75 43 12.5 33 11.3 25 10.1 8 5.4 
1 .o 27 10.6 20 9.3 15 7.8 5 2.9 
1.25 14 7.8 10 6.3 7 4.6 2 -0.4 
1.5 8 5.3 6 3.8 4 1 .a 1 -3.4 

__-___________--________________________.---------------------------------------- 

CASE 1 
RANGE Tsig SNR(d6) 

0.5 52 15.1 
0.75 23 11.5 
1 .o 12 8.9 
1.25 8 6.9 
1.5 5 5.2 

_ _ _ _ _ _ _ _ - - _ _ _ _ _ - - - - - - - - - - - - - - .  

98 GHz 12-in.Antenna 
CASE 2 CASE 3 CASE 4 

Tsig SNR(d6) Tsig SNR(dB) Tsig SNR(dB) . _ _ _ . _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - -  
44 14.3 28 12.4 9 7.6 
18 10.6 12 8.6 4 3.7 
10 7.9 6 5 -8 2 0.8 
6 5.8 4 3.5 1 -1.6 
4 4 2 1.7 1 -3.5 

140 GHz 12-i n. Antenna 
CASE 1 CASE 2 CASE 3 CASE 4 

RANGE Tsig SNR(dB) Tsig SNR(dB) Tsig SNR(dB) Tsig SNR(dB) 

0.5 73 15.8 66 15.4 41 13.3 13 8.4 
0.75 30 12.0 27 11.5 16 9.3 5 4.3 
1 .o 16 9.2 14 8.6 8 6.3 3 1.2 
1.25 9 6.9 8 6.3 5 3.8 1 -1.3 
1.5 6 5.1 5 4.4 3 1.7 1 -3.5 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

220 GHz 

RANGE Tsig SNR(dB) Tsig SNR(d6) 

0.5 52 13.4 41 12.3 
0.75 33 11.4 26 10.3 

1 .O 15 8.1 1 1  6.8 
1.25 8 5.3 6 3.8 
1.5 5 2.8 3 1.3 

CASE 1 CASE 2 

----____________________________________-.----- 

12-in. Antenna 
CASE 3 CASE 4 

Tsig SNR(d6) Tsig SNR(d6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
33 11.4 1 1  6.7 
19 9.1 6 4.3 
8 5.3 3 0.4 
4 2.1 1 -2.9 
2 -0.7 1 -5.9 
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per  p i x e l  i s  Trad = 0.8 K. Based on our  September data f o r  open f i e l d  

areas, as shown i n  Sect ion 58, t he  rms c l u t t e r  no ise  was m1.4 K. Thus 

t h e  t o t a l  no ise  i s  m1.6 K f o r  t h e  98-GHz system. A t  t he  h igher  f requencies 

where rece ivers  a r e  worse, t h e  radiometer no ise  would be l a r g e r  and t h e  

values i n  Table 5-2 were used. 

The s igna l  values i n  Table 5-3 were ca l cu la ted  f o r  bo th  a 12- and 16- 

i nch  diameter antenna system. The curved and s lan ted  surfaces on t h e  tank 

do n o t  r e f l e c t  a l l  t h e  sky r a d i a t i o n  t o  t h e  radiometer, which e f f e c t i v e l y  

reduces i t s  area. Thus t h e  e f f e c t i v e  tank area, used i n  t h e  ca l cu la t i ons ,  

was reduced t o  =40 percent o f  t he  physical  area t o  o b t a i n  agreement w i t h  

t h e  measured September 1985 data. (A  d e t a i l e d  study o f  rad iomet r ic  imaging 

o f  tanks has been repor ted i n  Ref. 7.) The data i n  Table 5-3 has been 

p l o t t e d  i n  Figures 5-2 t o  5-4, and a l i n e  has been drawn a t  an SNR o f  7 dB t o  

show t h e  reg ion o f  >5 sigma detect ion.  

These data show t h a t  t h e  98-GHz mm-wave sensor w i t h  a 16-inch antenna 

w i l l  de tec t  ob jects ,  such as tanks, up t o  ranges o f  1.5 km under cond i t i ons  

o f  l i g h t  and moderate fog, dus t  o r  smoke. Under moderate overcast,  t h i c k  

fog and even t h i c k  clouds, t a r g e t s  can be detected up t o  ranges o f  1.2 km. 

For t h e  l i m i t i n g  cond i t ions  o f  l i g h t  r a i n  and Latm = 1.6 dB/km, t h e  

e f f e c t i v e  range would be up t o  700 m. The r e s u l t s  a re  s i m i l a r  us ing  140 

GHz; however, a t  220 GHz the  SNRs are =2 dB lower, making t h i s  frequency 

undesirable.  With a 12-inch-diameter antenna, tanks can be detected up t o  

ranges o f  1 km i n  a l l  t he  weather condi t ions w i thout  r a i n  a t  bo th  98 and 

140 GHz. Again t h e  220-GHz r e s u l t s  are -2 dB worse. 

Even though t h e  140-GHz SNR resu l t s  a re  s l i g h t l y  b e t t e r  than t h e  98- 

GHz r e s u l t s ,  i t  i s  recommended t h a t  mm-wave imaging sensors be b u i l t  us ing  

98 GHz s ince  more r e l i a b l e  and lower cos t  components a re  a v a i l a b l e  a t  98 

GHz. Using image processing methods as discussed i n  prev ious chapters,  
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Figure 5-2(a). M i l  1 imeter-wave imaging sensor - c a l c u l a t e d  performance f o r  98 GHz 
w i t h  a 16-inch-diameter antenna. 
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Figure 5-2(b). Calcu la ted  performance f o r  98 GHz w i t h  a 12- inch-d iameter  
antenna. 
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i t  would be p o s s i b l e  t o  d e t e c t  t a n k s  w i t h  SNRs >5 dB, which w i l l  g i v e  t h e  

12- inch-diameter system even a l a r g e r  usefu l  range. 

C. MILLIMETER-WAVE AND VISUAL/IR COMPARISON 

It i s  i n t e r e s t i n g  t o  compare t h e  performance o f  v i s u a l  and I R  sensors 

w i t h  t h e  mm-wave imager under these poor weather c o n d i t i o n s .  I n  Fig. 5-5 

500 

400 

E - 3 0 0  
> 
E 

m 
v, - 200 > 

1 - 
- 

100 

50 

0 

MODERATE FOG \ \ DENSE FOG 
(SMOKE/ DUST) 

t 
TH ICK FOG 

0.4 0.8 1.2 1.6 
3 mm ATTENUATION (dBlkm) 

Figure  5-5. V i s i b l e  and I R  a t t e n u a t i o n  and v i s i b i l i t y  vs 3-mm 
a t t e n u a t i o n  i n  fog. 

t h e r e  a r e  p l o t t e d  es t imates  o f  t h e  v i s i b l e / I R  a t t e n u a t i o n  and v i s i b i l i t y  

vs t h e  3-mm a t t e n u a t i o n  i n  fog. The v i s i b l e / I R  es t imates  were based on 

d a t a  i n  Ref. 6. Under c o n d i t i o n s  where t h e  mm-wave sensor works w e l l  

( t h e  3-mm a t t e n u a t i o n  i s  <1.2 dB/km), b o t h  t h e  v i s i b l e  and I R  sensors a r e  

s e v e r e l y  l i m i t e d  i n  t h e i r  performance t o  ranges <300 m. There a r e  l a r g e  

areas i n  Europe where, i n  t h e  f a l l  , win ter ,  and s p r i n g ,  t h e  low c louds  and 

fog would p revent  o p e r a t i o n  o f  v i s i b l e  and I R  sensors over  30 percent  o f  

t h e  t i m e  (Ref. 6 ) ;  however, t h e  mm-wave sensor would work w e l l .  
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D. ANALYSIS AND CALCULATION OF SNR THROUGH VEGETATION COVER 

When a mm-wave imaging sensor observes a metal  t a r g e t  th rough vegeta- 

t i o n  cover,  t h e  t a r g e t ' s  c o n t r a s t  from the background i s  reduced. However, 

w i t h  moderate v e g e t a t i o n  th icknesses, the s i g n a l  w i l l  s t i l l  be d e t e c t a b l e .  

The e f f e c t i v e  temperature o f  t h e  t a r g e t  inc reases  because o f  t h e  f o l i a g e  

absorb ing l a y e r  and t h i s  inc rease can be c a l c u l a t e d  u s i n g  t h e  equat ions i n  

s e c t i o n  5A. I n  these equat ions,  t h e  atmospheric a t t e n u a t i o n ,  La, i s  r e -  

p laced w i t h  t h e  produc t  o f  t h e  atmospheric and v e g e t a t i o n  a t t e n u a t i o n  

La Lveg. A lso t h e  e f f e c t i v e  sky temperature i s  increased u s i n g  t h e  

express ion:  

where 

Lveg = v e g e t a t i o n  absorp t ion  

TVeg = v e g e t a t i o n  temperature (-295 K). 

Using t h e  Case 1 weather c o n d i t i o n s  ( c l e a r ,  moderate fog,  smoke o r  dus t ) ,  

t h e  SNR f o r  a tank  vs range was c a l c u l a t e d  f o r  v a r i o u s  va lues  o f  Lveg. 

These r e s u l t s  a r e  p l o t t e d  i n  Fig. 5-6. 

For these c a l c u l a t i o n s ,  i t  was assumed t h a t  a 98-GHz mm-wave imager 

w i t h  a 16- inch antenna was used. These c a l c u l a t i o n s  show t h a t  f o r  Lveg < 2  

dB, t h e  de tec ted  s i g n a l s  have SNRs >5 up t o  ranges o f  1 km. Th is  vegeta t ion  

a t t e n u a t i o n  o f  -2 dB corresponds t o  moderate f o l i a g e  t h i c k n e s s  o f  <1 m 

(Refs. 8-9). Thus, tanks  can be detected w i t h  a mm-wave imager when l o c a t e d  

under moderate f o l i a g e  when t h e  v isua l  and I R  sensors would n o t  show any 

i nformat i on. 

E. SIMULATED LOW SNR IMAGES 

It i s  p o s s i b l e  t o  s i m u l a t e  t h e  mm-wave da ta  w i t h  lower  SNRs t o  show 
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Figure  5-6. M i l  1 imeter-wave imager SNR th rough v e g e t a t i o n  

how these da ta  would l o o k  under poor weather c o n d i t i o n s .  This  i s  done by 

s e t t i n g  a l a r g e r  temperature range f o r  each c o l o r  s t e p  i n  t h e  image. The 

rms n o i s e  l e v e l ,  i n  t h e  o r i g i n a l  data,  i s  -1.6 K. Choosing a 1.5-K c o l o r  

s t e p  w i l l  show t h e  da ta  w i t h  a 1.4-dB r e d u c t i o n  i n  t h e  o r i g i n a l  SNR. 

Choosing a 3-K c o l o r  s t e p  reduces t h e  d i s p l a y e d  SNR by -3 dB; a 6-K c o l o r  

s tep  reduces t h e  d isp layed SNR by -6 dB, and a 12-K c o l o r  s t e p  reduces t h e  

d i s p l a y e d  SNR by -9 dB. 

Examples o f  a few o f  t h e  images wi th reduced SNRs a r e  shown i n  Figs. 

5-7 t o  5-10 ( r e f e r  t o  c o l o r  f i g u r e s  i n  Chapter 3 ) .  The images a r e  shown 

w i t h  a gray s c a l e  t o  make t h e  comparisons eas ie r .  I n  a l l  t h e  cases, t h e  
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c o l d  metal r e f l e c t i v e  t a r g e t s  a r e  e a s i l y  d i s t i ngu ,shec .  I n  f a c t ,  i n  t h e  

lowest SNR case (-9 dB) t h e  background i s  much smoother making t h e  c o l d  

metal t a r g e t s  stand out. Thus, i t  seems l i k e l y  t h a t  t h e  mm-wave images 

w i l l  be very  usable w i t h  t h e  reduced SNR i n  t h e  poor weather o f  f o g  and 

c l  oudy cond i t ions .  

Figure 5-7. S i m i  Va l l ey  Freeway. The U L  image has 12-K steps, t h e  UR 
has 6-K steps, t h e  LL has 3-K steps, and t h e  LR has 1.5-K 
steps. 

Figure 5-8. Pulgas Lake. The image arrangement i s  t he  same as F ig  5-7. 
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Figure 5-9. Agua Dulce A i r p o r t .  
Fig.  5-7. 

The image arrangement i s  t h e  same as 

Figure 5-10. 1-5 Freeway near C a r d i f f  w i t h  clouds. The image 
arrangement is t h e  same as Fig. 5-7. 
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CHAPTER 6. PRELIMINARY DESIGN FOR UAV CONFIGURATION 

A. INTRODUCTION 

I n  t h i s  chapter ,  a des ign f o r  a mm-wave imaging sensor,  which can be 

mounted i n  an Unmanned A e r i a l  Veh ic le  (UAV) w i l l  be descr ibed.  It w i l l  be 

necessary t o  reduce t h e  s i z e  and weight of  t h e  c u r r e n t  mm-wave sensor t o  

use i t  on a UAV. The main changes t h a t  w i l l  be made a r e  t o  use a s m a l l e r  

(12- inch-d iameter)  horn / lens  antenna, a smal le r  c r o s s t r a c k  scan system and t o  

package t h e  equipment around t h e  antenna. Simulated r e s u l t s  u s i n g  t h i s  

smal le r  mm-wave imager w i l l  a l s o  be presented. 

B. MILLIMETER-WAVE IMAGER DESIGN FOR UAV 

The system s p e c i f i c a t i o n s  f o r  the s m a l l e r  sensor a r e  shown i n  Table 

6-1. One advantage o f  u s i n g  t h e  smal ler  antenna, w i t h  t h e  l a r g e r  beamwidth 

(Ob = 0.7"), w i l l  be t o  a l l o w  a wider scan ang le  o f  +30° t o  cover  a w ider  

swath w id th .  A drawing o f  t h e  proposed c o n f i g u r a t i o n  i s  shown i n  F igure 

6-1. The sensor weight  i s  est imated t o  be 120 l b  and a breakdown o f  t h i s  

- 
SIDE VIEW 

.,..I" 

MOTOR 

1 
21 

TOPVIEW 
1 -  I 

SENSOR WEIGHT; i m m  

Figure 6-1. C o n f i g u r a t i o n  o f  UAV mm-wave sensor w i t h  12- inch-d iameter  antenna. 
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Table 6-1. UAV Mi l l imeter-Wave Imaging Sensor S p e c i f i c a t i o n s  Wi th 
12-Inch-Diameter Antenna 

- I. SYSTEMS: 

UAV A l t i t u d e  

UAV Speed 40 m/s (90 mph) 

Scan Width 0.9 km (0.5 m i )  

Ground Reso lu t ion  9 x 9 1 1 1  

Ground Track Raster  P a t  t e r n  

S e n s i t i v i t y :  (no c l u t t e r )  0.7 K 

(1.6 K c l u t t e r )  1.7 K 

750 m (2,460 f t )  

D i s p l a y  Type False Co lor  TV Image 

Area Shown 12.4 x 0.9 km 

P i x e l  s p e r  L i n e  188 

Size 

Weight 120 l b  

Power 400 w a t t s  

Data Rate 25 kbps 

21" wide x 14" deep x 51" l o n g  

11. SCANNING ANTENNA: - 
Antenna Type 12" Diameter Horn Lens 

Ant en na Beamw i d t h 0.7 deg. 

Antenna Beam E f f i c i e n c y  >90% 

Ref1 e c t o r  14" x 18" E l l i p t i c a l  f l a t  

Scanner 2 a x i s  Gimbal 

Scan Angle 230" 

Scan Time per  L i n e  

S t  ab i 1 i z a t i on Type 

S t a b i l i z a t i o n  Accuracy k0.1" i n  0.15 s 

0.154 s 

Gyros w i t h  computer 
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Table 6-1. UAV Mill imeter-Wave Imaging Sensor S p e c i f i c a t i o n s  With 
12-Inch-Diameter Antenna (cont I d )  

111. RADIOMETER 

Number o f  Channels 2-orthogonal p o l a r i z a t i o n s  

Cent e r Freq u en cy 98 GHz 

RF Input  Range 94-96 and 100-102 GHz 

I F  Bandwidth 2 GHz 

Local Osci 11 a t o r  Gunn d iode o s c i l l a t o r  

Noise Temperature (800 K (DSB) 

I n t e g r a t i o n  Time per P i xe l  

S e n s i t i v i t y  per  P i xe l  ( w i t h  2-channel average) (0.7 K 

C a l i b r a t i o n  Type - Operat ional  Cal s igna l  a t  edge o f  scan 

0.64 ms 

- Absolute Hot/Cold loads and vane 

Accuracy - Re la t i ve  + 1  K 

- Absolute * 5% 
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est imate i s  given i n  Table 6-2. A b i g  savings i n  weight was made i n  t h e  

scanner where the  weight can be reduced from 35 l b  t o  below 25 lb .  Th is  

est imate was based on an ana lys i s  by Sperry Corporat ion -- makers of t h e  

cu r ren t  scanner. Another area where a s ize  and weight reduc t ion  can be made 

i s  i n  t h e  computer subsystem. Because o f  recent  advances, i t  w i l l  be poss ib le  

t o  sh r ink  the  computer t o  h a l f  t he  s ize o f  t he  one i n  t h e  present system. 

As seen i n  Table 6-2, t h e  power suppl ies a re  a major i t e m  and i t  may be 

poss ib le  t o  reduce t h e i r  weight. 

An est imate of t h e  t o t a l  power has a l s o  been made and was found t o  

be =485 wat ts ,  which i s  we l l  w i t h i n  the c a p a b i l i t y  o f  e x i s t i n g  UAVs. A 

l i s t i n g  o f  t he  power requirements i s  shown i n  Table 6-3. 

No s i g n i f i c a n t  developments w i l l  be requ i red  f o r  t he  "12- inch" mm-wave 

imager system, and thus i t  i s  est imated t h a t  i t  cou ld  be b u i l t  and i n t e r f a c e d  

t o  t h e  UAV, w i t h i n  24 months a f t e r  go-ahead. 

I n  Chapter 5, t h e  performance o f  the 12- inch system f o r  tank d e t e c t i o n  

was p red ic ted  t o  be -2 dB worse than w i th  t h e  present  16- inch system. This  

w i l l  be s a t i s f a c t o r y  f o r  su rve i l l ance  a p p l i c a t i o n s  f o r  ranges up t o  1 km. 

C. SIMULATED 12-INCH ANTENNA DATA 

To i l l u s t r a t e  how imaging data taken w i t h  a 12-inch-diameter antenna 

sensor would appear, i t  i s  poss ib le  t o  smooth t h e  e x i s t i n g  16- inch data and 

then d i s p l a y  i t . I n  t h i s  smoothing, each p i x e l  i s  replaced by t h e  sum o f  

i t s e l f  and the  e i g h t  surrounding p i x e l s  a f t e r  be ing m u l t i p l i e d  by t h e  f o l l o w -  

i n g  t a b l e :  

0.03 0.06 0.03 
0.06 0.64 0.06 
0.03 0.06 0.03 
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Tab le  6-2. E s t i m a t e d  Weights f o r  UAV M i l  1 imeter-Wave Imager Components 

---- - -._I_ 

Weight ( l b )  -.- Component - 

Scanner & H i  r r o r *  
Scanner E l  e c t  r o n i  cs* 
Horn ( w o r s t  case) 

12.7 
11.1 
13.5 

Rece ive r  ( i n c l u d e s  c a l i b r a t i o n )  10. 

Compu t e r  15. 

Rate Gyro 
Rate Gyro De-Mod 
V e r t i c a l  Gyro 
Compass (i n c l  udes f l  ux d e t  . ) 

2.5 
1.4 
2.3 
2.0 

Scanner Power Supply 4.6 
Rate & V e r t i c a l  Gyro Power Supply 6.1 
Recei v e r  Power Supply 5.3 
Computer Power Supply 5.3 

S t r u c t u r e  28. 

T o t a l  119.8 l b  

*Based on Sper ry  e s t i m a t e  
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Table 6-3. Power Budget f o r  UAV Mil l imeter-Wave Imager 

Power* 
(wa t t s  ) 

I tem "DC I D C  
( v o l t s )  (amps 1 

Receiver 
+15 
- 15 
+ 5  

Computer 
+12 
- 12 
+ 5  

Temp Control  
+28 

Gyros & Compass 
+28 

Scanner 
+28 

0.6 
0.1 
1.8 

0.2 
0.2 

11.0 

3.6 

2.0 

7.0 

15.0 
3.0 

15.0 

4.0 
4.0 

92.0 

100.0 

56.0 

196.0 

Tota l  485. 

* Inc ludes 60%-ef f i  c i e n t  power converters 
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This  t a b l e  approximates t h e  w e i g h t i n g  o f  t h e  scene due t o  t h e  l a r g e r  antenna 

beamwidth. 

Examples o f  t h e  lower  r e s o l u t i o n  images a r e  shown i n  F igures 6-2 t o  6-5. 

The o r i g i n a l  d a t a  a r e  shown i n  t h e  upper l e f t  (UL) image and t h e  smoothed 

da ta  a r e  shown i n  t h e  upper r i g h t  (UR) image. The lower  images show en la rged 

s e c t i o n s  o f  t h e  upper images, w i t h  t h e  smoothed v e r s i o n  i n  t h e  lower  r i g h t  

(LR) corner .  I n  each case, t h e r e  i s  very  l i t t l e  change i n  t h e  12- inch da ta  

and n o t  much d e t a i l  i s  l o s t .  As expected, t h e  temperature d i f f e r e n c e  i n  

small  o b j e c t s  dropped -2 dB; however, the e n t i r e  image i s  n o t  changed and i s  

p e r f e c t l y  usable. I n  Fig. 6-2 t h e  S i m i  Va l ley  Freeway image i s  shown, and a l l  

t h e  v e h i c l e s  i n  t h e  16- inch images a r e  e a s i l y  de tec ted  i n  t h e  12- inch images. 

The tanks near  Pulgas Lake a r e  shown i n  Fig. 6-4, and a r e  e a s i l y  de tec ted  i n  

bo th  t h e  16- inch and 12- inch images. Thus, f rom these data,  i t  appears t h a t  

t h e  12- inch-diameter antenna system w i l l  be s a t i s f a c t o r y  f o r  s u r v e i l  lance 

appl  i c a t  i ons. 
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CHAPTER 7. CONCLUSIONS 

Th is  r e p o r t  has descr ibed t h e  mm-wave imaging sensor and has shown a 

v a r i e t y  o f  da ta  taken w i t h  t h e  sensor and d i f f e r e n t  ways t o  d i s p l a y  t h e  da ta  

t o  b r i n g  o u t  more in format ion.  One o f  the  most i n t e r e s t i n g  aspects  o f  t h e s e  

nun-wave images i s  t h a t  t h e r e  a r e  many recognizable ob jec ts ;  i.e., r e f l e c t i v e  

o b j e c t s ,  such as water,  metals,  highways, and b u i l d i n g s ,  which s tand o u t  

f rom t h e  background " c l u t t e r . "  From a s tudy o f  many images, i t  i s  r a r e  

t h a t  t h e  temperature range needs t o  be expanded below 3 K p e r  c o l o r  s tep,  

which i s  - 4  t imes l a r g e r  than t h e  radiometer no ise,  s i n c e  t h e  scene " c l u t t e r "  

i s  = Z  K. It i s  a l s o  i n t e r e s t i n g  t h a t ,  by p r o p e r l y  choosing t h e  range o f  

temperatures and t h e  o r d e r  of co lo rs ,  d i f f e r e n t  f e a t u r e s  w i t h i n  a scene 

can be made t o  "s tand out ' '  o r  "blend" i n  t h e  p i c t u r e .  Other image process ing  

and enhancement techniques were used t o  improve o b j e c t  d e t e c t i o n  and maximize 

image i n f o r m a t i o n  as descr ibed i n  Chapter 4. 

Using a pass ive  mm-wave imaging sensor f o r  s u r v e i l l a n c e  w i l l  be one o f  

i t s  bes t  a p p l i c a t i o n s .  The image data has poorer  S p a t i a l  r e s o l u t i o n  than 

v i s u a l  o r  I R  sensors; however, t h e r e  i s  a tremendous amount o f  u s e f u l  i n f o r -  

mat ion e s p e c i a l l y  f o r  s u r v e i l l a n c e  a p p l i c a t i o n s .  Th is  i s  e s p e c i a l l y  t r u e  

d u r i n g  c loudy  and foggy weather when v i s u a l  and IK images would be blank. 

A lso i t  i s  p o s s i b l e  t o  d e t e c t  metal t a r g e t s  under moderate th icknesses  o f  

v e g e t a t i o n  when t h e  v i s u a l  and I R  sensors would be unusable. As ment ioned 

i n  Chapter 4 ,  i t  w i l l  a l s o  be p o s s i b l e  t o  use computer t a r g e t  r e c o g n i t i o n  t o  

a i d  i n  t h e  r e a l - t i m e  use o f  t h i s  data i n  b a t t l e f i e l d  s i t u a t i o n s .  Using com- 

p u t e r s  t o  h e l p  analyze t h e  mm-wave imaging da ta  w i l l  be necessary f o r  Army 

personnel  i n  t h e i r  i n t e r p r e t a t i o n  o f  these data. This  i s  an area where 

f u r t h e r  research i s  r e q u i r e d  t o  develop these techniques. 
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It should be noted t h a t  t he re  are  many areas i n  t h e  wor ld where i t  i s  

cloudy o r  foggy a s i g n i f i c a n t  p o r t i o n  o f  t h e  time. For example, i n  c e n t r a l  

Europe dur ing  t h e  f a l l  and w in te r ,  i t  i s  c loudy and foggy over 30 percent 

o f  the  t ime (Ref. 1). During t h i s  time, v i sua l  and I R  sensors would be 

useless f o r  surve i l lance.  A radar  sensor can be used du r ing  these c loudy 

condi t ions;  however, t h e  f a c t  t h a t  t h i s  a c t i v e  sensor can be detected and 

then jammed o r  destroyed puts  i t  a t  a disadvantage t o  a passive sensor. 

Using a radiometer i n  con junc t ion  w i t h  radar ,  where t h e  radiometer queues 

t h e  radar f o r  a sho r t  look,  i s  an a t t r a c t i v e  p o s s i b i l i t y .  There i s  a ques- 

t i o n  on jamming the  mm-wave imager, but  i t  should be noted t h a t  even i f  t h e  

frequency o f  t h e  radiometer were known, i t  would r e q u i r e  a t  l e a s t  a 3,000- 

watt  t r a n s m i t t e r  a t  100 GHz t o  jam t h e  mm-wave sensor. (See Appendix B f o r  

d e t a i l s  o f  t h i s  t a l c u l a t i o n . )  It i s  u n l i k e l y  t h a t  t h i s  c a p a b i l i t y  would 

ever be p r a c t i c a l  i n  a f i e l d  s i t ua t i on .  

I n  Chapter 5 i t  was pred ic ted  t h a t  t h e  mm-wave sensor would work we l l  

i n  a v a r i e t y  o f  poor weather condi t ions.  The next s tep i n  the  development o f  

t h i s  sensor w i l l  be t o  evaluate i t s  performance under a v a r i e t y  o f  bad weather 

cond i t ions  t o  accura te ly  determine t h e  performance l i m i t a t i o n s .  It i s  e s t i -  

mated t h a t  t h i s  t e s t  program would take about 1 year. 

I n  Chapter 6 a p re l im ina ry  design f o r  a UAV-mounted sensor was described. 

I n  t h i s  design no new technology i s  required, j u s t  ca re fu l  engineer ing and 

packaging. I f  requi red,  t h i s  UAV sensor cou ld  be b u i l t  w i t h i n  24 months. 

The 

main improvement would be the  development o f  a 116-inch-diameter e lec t ron -  

i c a l l y  scanned antenna w i t h  a beam e f f i c i e n c y  >90 percent and a l o s s  <2 dB. 

It i s  d e s i r a b l e  t h a t  t h i s  antenna be l i gh twe igh t ,  r e l a t i v e l y  small and low 

cost. Another desi  red development would be i n teg ra ted  100-GHz rece ivers  -- 
t o  reduce t h e  s i z e  and weight o f  t he  sensor. 

These a re  techn ica l  improvements i n  the  sensor which are des i rab le .  
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APPENDIX A. CONFERENCES AND PUBLICATIONS 

mm- 

A. 

T h i s  appendix l i s t s  t h e  conferences and p u b l i c a t i o n s  i n  which t h e  

ave imager has been descr ibed and the r e s u l t s  presented. 

CONFERENCES 
--- 

Conference Date - Locat  i on 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

DoD/NASA Workshop on M i l l i m e t e r  and 
Submi l l imeter  Waves and t h e i r  A p p l i -  
c a t  i ons . 
JPL Observat ional  Systems D i v i s i o n  
Semi na r. 

Pecora 10 - Remote Sensing i n  Forest 
Management. 

1985 I n t e r n a t i o n a l  Geoscience and 
Remote Sensing Symposium (IGARSS'85) 
and USNC/URSI Commission F Meeting. 

Harry Diamond Laboratory  Seminar. 

Aerospace Corporat ion,  E l  e c t  r o n i  cs 
Research Laboratory  Seminar. 

IEEE 1 0 t h  I n t ' l  Conference on 
I n f r a r e d  and M i l l i m e t e r  Waves. 

1986 I E E E  MTT-S I n t e r n a t i o n a l  
Microwave Symposi um. 

Los Angeles IEEE MTT-S Meeting. 

Assoc. f o r  Unmanned Veh ic le  Systems 
1986 meeting. 

DoD Conference on A i rborne  Recon- 
n a i  ssance. 

JPL Observat ional  Systems D i v i s i o n  
Seminar. 

Army Research O f f i c e  Workshop on 
Fundamental Research Issues i n  
Millimeter/Submillimeter Waves. 

3/11-13/85 Goddard Space F l i g h t  
Center,  Greenbel t  , MD 

6/17/85 JPL, Pasadena, CA 

8/20-22/85 Colorado S t a t e  Univ. 
Ft. C o l l i n s ,  CO 

10/7-9/85 Univ. o f  Massachusetts 
Amherst, MA 

10/10/85 HDL, Adel p h i ,  MD 

1 O/ 2 3/85 E l  Segundo, CA 

12/9-13/85 Lake Buena V is ta ,  FL 

6/2-4/86 Bal t imore ,  MD 

6/ 17/86 Los Angeles, CA 

7/21-23/86 Boston, MA 

8/21-22/86 Naval A i r  S t a t i o n  
Miramar, CA 

9/ 15/86 JPL, Pasadena, CA 

9/ 15/86 UCLA, Mal ibu,  CA 
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Conference Date Loca t i on 

14. Navy Space Panel -Techno1 ogy Subpanel. 9/23/86 JPL, Pasadena, CA 

15. 1986 O p t i c a l  Soc ie ty  o f  America 10/19-24/86 S e a t t l e ,  WA 

16. Unmanned A e r i a l  Veh ic le  M a t e r i e l  10/21-22/86 Army M i  s s i  1 e Command, 

17. JPL/Caltech MM-Wave Seminar. 11/10/86 JPL, Pasadena, CA 

18. Dept. o f  S u r v e i l l a n c e  & Systems 11/20/86 Ft. Huachuca, A Z  

Meet i ng . 
Developer/User Conference. Redstone Arsenal ,  AL 

Maintenance a t  t h e  U.S. Army 
I n t e l  1 igence Center & School (USAICS). 

19. Winter Convention on Aerospace & 1/27-29/87 E l  Toro, U.S.M.C. A i r  
E l e c t r o n i c  Systems S t a t i o n ,  I r v i n e ,  CA 

B. PUBLICATIONS 

1. Wilson, W. J., Howard, R. J., I b b o t t ,  A. C., Parks, G. S., and R i c k e t t s ,  
W. B., " M i  11 imeter-wave Imaging Sensor , I '  IEEE Trans. Microwave Theory 
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APPENDIX B. MILLIMETER-WAVE IMAGER JAMMING CONSIDERATIONS 

The best way t o  jam t h e  mm-wave imaging sensor would be t o  make t h e  

received s igna l  unstable,  thus masking poss ib le  ta rge ts .  A modulated jamming 

s igna l  w i t h  a peak received br igh tness  temperature o f  a20 K cou ld  co r rup t  

t he  data. I n  t h i s  case, t h e  received jamming power would be: 

Pjam = kTB = 1.4 x 10-Z3 x 20 x 4 x l o9  wat t  

=l  x 10- l2 w a t t  = -120 dBW 

To block t h e  received image, i t  can be assumed t h a t  t h i s  jamming s igna l  

would be coupled i n t o  t h e  mm-wave sensor 's antenna s ide lobes which would 

have a ga in  o f  -8 dB (-40 dB l e s s  than the  main lobe) .  There i s  a l s o  

another 3-dB l o s s  s ince  t h e  jamming s ignal  would be po la r i zed  and t h e  mm- 

wave imager has two rece ive rs  w i t h  orthogonal p o l a r i z a t i o n s  yrhich a r e  added. 

Thus, a jamming s igna l  l e v e l  o f  -125 dBW would be requ i red  a t  t h e  mm-wave 

imager's antenna t o  jam t h e  s ignal .  

Assuming the  l i n e  o f  s i g h t  range t o  t h e  jammer i s  >10 krn, t h e  100-GHz 

free-space a t tenua t ion  l o s s  would be ,153 dB. I n  poor weather cond i t i ons  

when the  mm-wave imager would be used, t h e  atmospheric a t tenua t ion  would 

be >1 dB/km r e s u l t i n g  i n  an a t tenuat ion  o f  >10 d B  f o r  t h e  jammer s ignal .  

Thus the  jammer would need an E f fec t i ve  Radiated Power (ERP) o f  >+38 dBW. 

Assuming t h e  jammer uses an "omni" type  antenna, w i t h  a ga in o f  +3 dB, t h e  

jammer must have a peak power o f  >35 dBW o r  >3 kW t o  jam t h e  mm-wave imager. 

Another fac to r ,  which makes the  jamming harder, i s  t h a t  t h e  jammer must 

know the  radiometer frequency w i t h i n  4 GHz t o  get  i n t o  t h e  rad iometer 's  

passband. To make t h i s  more d i f f i c u l t ,  t h e  frequency o f  t h e  radiometer 

could be se lected i n  the  f i e l d  over a 210-GHz band by t u n i n g  t h e  l o c a l  

o s c i l l a t o r .  
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A t  t h i s  t ime, and i n  t h e  foreseeable  f u t u r e ,  o p e r a t i o n a l  3000-wat t ,  80- t o  

100-GHz t r a n s m i t t e r s  a r e  n o t  p r a c t i c a l  and thus ,  i t  w i l l  n o t  be  p o s s i b l e  

t o  jam t h e  mm-wave imaging sensors. 
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